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ABSTRACT  
With modern developments in hypersonic flight vehicles and the associated improvements to 
overall space access and payload launch capability, cost effective methods for manufacturing 
ultra-high temperature composite assemblies is a topic of great interest. Utilising high 
temperature composite assemblies in-lieu of actively or passively cooled metallic assemblies 
has the potential to reduce total flight platform weight, allow for higher maximum flight speeds 
and improve payload mass fractions, albeit at the requirement of complex manufacturing and 
structural analysis methods. Filament winding, a process of winding unidirectional filament 
over a mandrel, is considered as a possible alternate and cost-effective manufacturing route for 
composite scramjet combustors, assuming sufficiently accurate design and analysis tools are 
developed to account for higher order and intrinsic manufacturing effects. In light of this, a 
series of coded modules and analysis tools were developed to account for unique filament 
winding effects. A virtual environment was developed to generate filament winding patterns, 
fibre trajectories, visualise ‘checkerboard’ mosaic patterns and provide manufacturing G-Code. 
Modified shell analysis methods were developed to quantify the characteristic in-plane fibre 
waviness, out-of-plane fibre undulation and alternating antisymmetric laminate arrangement in 
filament wound composite assemblies. Due to the dependence of analysis techniques on the 
fibre-matrix interface, constituent lamina properties and manufacturing processes, Toray T700s 
+ Araldite GY191/Aradur 2961 carbon fibre cylinders were manufactured in order to validate 
the developed models in manufacturing of a high-temperature composite preform. 
Manufactured cylinders showed strong agreement with theoretical winding trajectories, 
however exhibited increasing non-uniformity and defect frequency with increasing filament 
winding pattern. This variability was validated by microscopy of composite sample interior 
planes that indicated a reduction in fibre volume fraction, increase in void-rich regions with 
higher order filament winding patterns and corresponding reduction in load-bearing capacity 
(in uniaxial compression). The developed combined out-of-plane undulation and mosaic model 
showed far better agreement with digital image correlation derived experimental moduli than 
unmodified classical lamination theory (26% versus 47%). The developed capabilities, 
including a graphical user interface (GUI), were utilised in a simplified design and analysis of 
a scramjet combustor to demonstrate the potential for ultra-high temperature composite 
assembly design assuming necessary modifications to models in-light of fibre-matrix interface 
and porosity effects are made.  
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NOMENCLATURE 
 
ρ Density (kg.m-3) 
Ei Young’s modulus in ‘i’ direction (Pa) 
νij Poisson’s ratio in ‘ij’ direction  
Gij Shear modulus in ‘ij’ direction (Pa) 
Vf Fibre volume fraction  
Vm Matrix volume fraction 
Eif  Fibre modulus in ‘i’ direction (Pa) 
Gijf Fibre shear modulus in ‘ij’ direction (Pa) 
Sij Matrix compliance terms 
Cij Matrix stiffness terms  
Qij Reduced stiffness terms 
σi Normal stress in direction ‘i’ (Pa) 
τij Shear stress in direction ‘ij’(Pa) 
εi Normal strain in direction ‘i’ (Pa) 
γij Shear strain in direction ‘ij’ (Pa) 
k Lamina number (in laminate) 
zk Thickness coordinate of lamina (m) 
Ni Normal force in ‘i’ direction per CLT (N.m-1) 
Nij Normal force in ‘ij’ direction per CLT (N.m-1) 
Mi Moment force in ‘i’ direction per CLT (N) 
Mij Moment force in ‘ij’ direction per CLT (N) 
Aij Laminate-extensional stiffness  
Bij Laminate-coupling stiffness 
Cij Laminate-bending stiffness  
e Laminate reference frame location 
h Fibre tow thickness  
R Shell radius (m) 
θ Wind angle/ply orientation angle (°) 
bw Fibre bandwidth (m) 
t Fibre thickness (m) 
Lw Mandrel length (m) 
Nc Number of circuits for winding surface coverage 
NP Filament winding pattern number  
θdwell Dwell rotation at completion of each winding stroke 
Vw Undulated volume fraction  
w Circumferential undulation spacing  
αi Coefficient of thermal expansion in ‘i’ direction 
βi Coefficient of hygroscopic expansion in ‘i’ direction 
ΔT Temperature change from ambient conditions (K) 
ui Nodal boundary condition constraint (FEA) 
Xi X location of fibre tow  
Yi Y location of fibre tow  
Zi Z location of fibre tow  
Vi Stepper motor velocity term  
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ω In-plane waviness angle (°) 
[Tω] In-plane transformation matrix  
ϕ Out-of-plane undulation angle (°) 
[Tϕ] Out-of-plane transformation matrix  
aij
** Averaged in-plane compliances with warping constraint  
hf Single lamina thickness (including resin) 
α In-plane alignment angle (°) 
ψ In-plane orthogonal crossing correction angle (°) 
Lh Subcell hypotenuse  
Lv Subcell height 
ARVE Mosaic representative element area  
wu Undulation subcell width  
Lu  Undulation subcell length  
hu Undulation subcell height  
VI Graded resin intensity factor  
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1 INTRODUCTION  
 
The international demand for faster, more efficient and environmentally conscious forms of air 
transport has ushered an unprecedented era of materials research and development into ultra-
high temperature materials. Marked increases in propulsive efficiency associated with 
increasing combustion temperature and the quest for sustained hypersonic flight vehicles has 
furthered the demand for lightweight, damage tolerant materials with high temperature 
capabilities [1]. In comparison to conventional high temperature metallic alloys, ultra-high 
temperature composite (UHTC) materials provide far superior high temperature stiffness, 
strength and maximum service temperatures [2], as shown in Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Comparison of specific stiffness and maximum service temperature for UHTCs and advanced metallic 
alloys (IN 671) [3].  
International and industry research organisations including the German Aerospace Center 
(DLR) and GE Global Research have identified that UHTCs, “…deliver a truly revolutionary 
leap in temperature capability beyond an advanced metal alloy” [4]. Unlike isotropic (or near 
isotropic) metallic alloys, the directionality of composite materials provides unique potential 
for tailored materials properties and the manufacturing of structures with improved elastic or 
mechanical properties. For example, the implementation of UHTC ceramic matrix composite 
(CMC) high pressure turbine stages has allowed civilian gas turbine engines to minimise 
cooling flow and reduce emissions; similar technology is of interest in the fabrication of 
supersonic combustion ramjet (scramjet) combustors [1]. UHTC development has been 
motivated by unmet materials needs in the aerospace sector for wing leading edge components, 
propulsion systems and atmospheric re-entry and rocketry, however in order for UHTC 
implementation to be viable, cost-effective and automated mass manufacturing methods as well 
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as accurate material design allowables data is mandatory [5][6]. Filament winding, a process of 
winding unidirectional fibre and resin over a mandrel, meets the criteria for mass manufacture 
in the aerospace sector albeit at the requirement of closed form and efficient methods for 
determine elastic and mechanical properties of UHTC assemblies manufactured in this manner 
[7]. The characterisation of elastic and mechanical properties requires an in-depth analysis of 
multi-scale behaviour of composites, and a thorough of understanding of critical manufacturing 
parameters, such as the fibre-matrix interface. Additionally, defects and intrinsic geometric 
characteristics associated with a variety of manufacturing processes is required in order to 
assess the failure modes and damage mechanics of complex materials. Thus, combined 
manufacturing and structural analysis interfaces/design tools that account for manufacturing 
defects and higher order affects in complex processes are a critical step in working toward 
efficiently designing ultra-high temperature composite assemblies for the aerospace sector.  
 
1.1 RESEARCH CONTEXT AND MOTIVATION  
 
UHTCs, including C/C and C/C-SiC CMCs, have primarily utilised autoclave or resin-tranfer 
moulding (RTM) processed woven carbon fibre preforms due to a well-established 
understanding of materials mechanics and high part quality achieved via these methods [6][8]. 
Filament winding presents a unique method utilised in the fabrication of axisymmetric 
composite structures, such as rocket motors, however is often avoided due to complexities 
associated with winding patterns and higher-order coupling effects that are avoidable in RTM 
and autoclave processing [9]. Filament winding has been proposed as alternative route for 
manufacture of UHTC components, such as a passively cooled combustor for the HIFiRE 8 
experimental scramjet (displayed in Figure 2), due to its improved delamination resistance, 
theoretical reduced cost and potential for computer controlled mass manufacture [10].   
 
Figure 2. Scramjet schematic including combustor section [11] 
 
Analysis of UHTCs to date has primarily focussed on the densification and optimisation of the 
resulting composite, with little analysis conducted on the preform manufacturing process. Thus 
there is a lack of efficient and comprehensive design tools that are able to characterise and 
model the manufacturing processes/variables and behaviour of filament wound composite 
3 
 
structures based on user defined inputs such as laminate structure and constitutive materials 
properties. As such, the manufacture of axisymmetric fibre-matrix composite structures via 
filament winding is to be examined in order to establish methods for simulating and modelling 
UHTC preforms. Carbon-fibre (CFRP) filament wound structures are to be manufactured and 
analysed to validate developed baseline tools including manufacturing simulations and elastic 
property estimates. These tools may then be extended to UHTCs such as carbon-carbon (C/C) 
and carbon-carbon silicon-carbide (C/C-SiC) ceramic matrix composites (CMCs) with 
appropriate modifications accounting for differences in composite characteristics such as the 
fibre-matrix interface, residual manufacturing stresses and thermal expansion effects.  
 
1.2 AIMS AND PROJECT OUTLINE  
 
This investigations aims to establish validated models for manufacturing, elastic property 
prediction, analysis of stress/strain distributions and overall structural assessment in 
axisymmetric filament wound structures. The developed models and experimental data will be 
later utilised in the design and manufacture of a UHTC scramjet combustor to be compared 
against combustors manufactured via conventional fabrication methods as part of the HIFiRE 
program.  
 
1.2.1 Project scope  
The tasks to be completed throughout this investigation include:  
1. Development of an analytical model/s that accounts for higher order manufacturing 
affects and winding parameters in filament wound structures, including:  
i. Lamina micromechanics 
ii. In-plane fibre waviness 
iii. Out-of-plane fibre undulation 
iv. Fibre mosaic formation  
v. Shell curvature  
vi. Fibre volume fraction variation 
2. Isolation of key design parameters that influence the elastic properties and primary 
failure modes of filament wound composites.  
3. Development of winding visualisation tools to identify possible manufacturing issues 
and graphically assess the impact of intrinsic filament winding defects.    
4. Validation of developed analytical models via numerical finite element simulations 
(where applicable) and mechanical testing of CFRP test specimens.  
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5. An interface enabling manufacturing visualisation and prediction of elastic properties 
of rigid matrix composite filament wound cylinders i.e. CFRP.  
In order to ensure thesis objectives are met, a scope has been clearly defined. The proposed 
scope encompasses all currently identified parameters that influence the performance of 
filament wound rigid polymeric fibre-matrix composites (PMCs), however, additional affects 
resulting from intermediary UHTC manufacturing processes, such as residual thermal strains, 
represent future work to be undertaken upon completion of this thesis.  
 
1.2.2 Report outline and structure 
 
Chapter 1 outlines the project scope and gives an overview of project motivation and context. 
Chapter 2 discusses relevant literature to the development of design and manufacturing tools 
for carbon fibre filament wound preforms, and an overview of existing modelling approaches 
to account for intrinsic winding defects. Using models and data from literature, manufacturing 
and design analysis tools were developed, as discussed in Chapter 3. Validation of the 
developed tools via manufacture and testing of CFRP samples is detailed in Chapter 4, whilst 
Chapter 5 implements the developed tools in the preliminary design of a simplified scramjet 
combustor for the HIFiRE 8 flight platform. Conclusions, recommendations and potential 
publishable content are summarised in Chapter 6.  
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2 LITERATURE REVIEW 
 
The implementation of composite materials in aerospace and propulsion systems is a key step 
in the development of hypersonic vehicles, such as supersonic combustion ramjets (scramjet) 
[12]. The tailorable directionality of composite materials and superior mechanical properties, 
including specific stiffness and strength, has enabled the design and manufacture of components 
that would be infeasible with conventional metallic alloys or polymers [13]. Numerous studies 
have investigated the implementation of filament winding as a method for manufacturing 
axisymmetric composite structures, however minimal analysis has been conducted on the 
manufacture of ultra-high temperature composites via this method or in developing 
comprehensive tools for design and analysis of PMC preforms. This chapter reviews relevant 
literature to manufacturing methodologies and applications for ultra-high temperature 
composites, including an introduction to scramjets. Fundamental composite shell analysis 
techniques, micromechanics models and defects inherent to filament winding are detailed, and 
the applicability of filament winding to the manufacture of carbon/carbon (C/C) and 
carbon/carbon-silicon carbide (C/C-SiC) ceramic matrix composites (CMCs) is discussed.  
 
2.1 SUPERSONIC COMBUSTION RAMJETS  
Supersonic combustion ramjets (scramjets) are a form of hypersonic flight vehicle that utilises 
supersonic airflow through the combustion chamber to minimise pressure loss associated with 
a strong terminal shockwave and improve overall efficiency at flight speeds in excess of roughly 
Mach 7 [14]. Unlike conventional turbomachinery propulsion systems, scramjets utilise air 
compression generated by internal geometry change and vehicular forward momentum [14].  
Per Smart and Tetlow (2009), the implementation of a secondary scramjet stage in a three-
stage-to-orbit system could deliver significantly higher payload mass fractions to low-earth 
orbit in comparison to conventional rocket systems (1.5% versus 0.9%) [15]. As such, scramjet 
design and associated technological endeavours are a topic of keen interest in aerospace fields. 
Table 1 details estimated supersonic combustor parameters, conducted by Ferri (1973), for a 
hydrogen fuelled flight condition of Mach 12 and 40 km altitude [16]. 
Table 1 
Flight parameters for scramjet during Mach 12 flight [16] 
 Combustor inlet Combustor exit  
Pressure (atm) 2.7 2.7 
Temperature (°C) 980 2380 
Mach number  4.9 3.3 
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The absence of core rotating turbomachinery allows for significantly higher cycle temperatures 
in scramjets (as noted from Table 1), albeit at the requirement of combustor materials with 
sufficient mechanical and thermal properties to withstand severe and prolonged thermal 
environments [1]. The implementation of ultra-high temperature composite assemblies in 
scramjet combustors, such as CMCs, has the potential for significant system performance 
improvements [5]. However the design, manufacture and modelling of such ultra-high 
temperature composites has become a critical limiting factor in the prototyping of scramjet test 
vehicles, and thus is a key contributor to the development of an air-breathing hypersonic 
platform.  
2.1.1 HIFiRE program 
The HIFiRE program is a collaborative research program between Australia and the United 
States of America (USA), with aims to investigate the fundamental science and technology 
required to develop next generation hypersonic flight systems, namely scramjets. The four 
primary partners are the DST Group, United States Air Force Research Laboratory (AFRL), the 
University of Queensland and Boeing Research & Technology [53]. The HIFiRE 8 scramjet is 
a hypersonic flight experiment scheduled for 2018 and aims to demonstrate a 30 second 
scramjet powered hypersonic flight at Mach 7.0 [54].   
 
2.2 ULTRA HIGH TEMPERATURE COMPOSITES 
Ultra-high temperature composites (UHTCs) are by definition refractory materials and 
classified per ASTM C71 as, “non-metallic materials having chemical and physical properties 
that make them applicable for structures…that are exposed to environments above 1000 °F 
(811 K)” [17]. The three primary UHTCs of interest for aerospace applications are carbon-
carbon (C/C), carbon-carbon silicon-carbide (C/C-SiC) and carbon-carbon tantalum (C/C-Ta) 
ceramic matrix composites (CMCs) [5]. CMCs exhibit high strength, low density, wear 
resistance, excellent high temperature capability, good corrosion resistance and far superior 
damage-tolerance and thermal shock resistance to conventional monolithic ceramics [18][19].  
As such, both actively and passively cooled CMCs exhibit significant weight savings over state-
of-the-art actively cooled metallic ultra-high temperature assemblies for short duration and 
single-use prototype combustors, such as the HIFiRE 8 flight vehicle [5]. C/C composites may 
be manufactured via chemical vapour deposition (CVD), thermoplastic precursors or thermoset 
precursors. CVD is unfeasible for mass manufacturing processes and as such thermoplastic and 
thermoset resin impregnation-pyrolysis are primarily implemented, wherein resin precursors 
are ignited to produce carbon [6]. Suitable carbon matrix precursors ideally have a high carbon 
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yield, minimal carbonisation shrinkage (to prevent damage to fibres) and open porosity to allow 
for multiple resin impregnation cycles [55]. Precursors with sufficient carbon yield have the 
potential to eliminate the need for multiple impregnation-pyrolysis cycles [6]. Ideal resins have 
a high degree of aromacity (or ring structure), high molecular weight and preferably lack 
sulphur [6]. The mechanical and elastic properties of C/C composites are defined by the 
microstructure and morphology which differ based on carbon fibre reinforcement architecture, 
precursor resin, heat treatment temperature, fibre sizing and fibre-matric interface 
characteristics [6]. Carbon-carbon based CMCs for aerospace applications are manufactured in 
three distinct steps. An initial net carbon fibre reinforced plastic (CFRP) component is 
manufactured via resin transfer moulding (RTM), autoclave processing, hot pressing or 
filament winding and then post-cure tempered to ensure complete matrix polymerisation (see 
Appendix A for elaboration of manufacturing methods) [5][6].  The resulting CFRP preform 
undergoes pyrolysis at approximately 1000 °C to produce amorphous carbon [6]. In order to 
reduce porosity, carbonised components may undergo multiple impregnation and pyrolysis 
phases to improve net density and resulting mechanical properties [5][6]. For C/C-SiC CMCs, 
the resulting composite undergoes siliconisation at approximately 1650 °C allowing SiC to 
form on micro-cracks and interfaces between carbon fibre bundles/tows, as shown in Figure 3 
[5][6].  
Figure 3. C/C-SiC microstructure (black – C/C, grey – SiC, white – excess Si) [5] 
As the pyrolysis/carbonisation and siliconisation processes are mandatory for manufacturing of 
C/C and C/C-SiC composites, cost reduction is generally achieved in the manufacture and 
design phases of the initial net CFRP component. Of the aforementioned manufacturing 
methods, filament winding has the greatest capacity for large scale manufacturing of 
axisymmetric CMC shells and tubular structures, such as scramjet combustors [20].  However, 
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the complexity associated with modelling of higher order effects in composite shells, including 
laminate interactions, effective elastic constants for design and predominant failure modes, 
remains a key obstruction to the design of UHTC structures in aerospace.  
 
2.2.1 Fibre matrix interface in UHTCs/CMCs  
It has been shown that mechanical properties of composites are highly dependent on the load-
transferring characteristics of the fibre-matrix interface. For UHTCs/CMCs, a weak interface 
impairs the integrity of the composite whereas as a strongly bonded interface may lead to brittle 
fracture due to a lack of energy absorption mechanisms [56]. The nature of the fibre-matrix 
interface in CMCs and the resulting influence on thermomechanical properties is a complex 
and integral factor in the development of design tools for these materials [6]. Interface 
characteristics are generally not well understood in CMCs and varying interfaces may exist not 
only between the fibres and matrix, but within/between fibre bundles and between different 
microstructures and morphologies, all of which are additionally dependent on specific 
composite manufacturing processes [6]. Carbon derived from liquid precursors 
(thermoplastic/thermoset resins) predominantly exhibit weak fibre-matrix bonding in CMCs 
such C/C and as such have poor shear strengths and are not suitable for structural applications. 
Furthermore, the fibre-matrix interface is dependent on stresses formed by matrix shrinkage 
and differences in thermal expansion coefficients of the constituents. Poor interfacial bonding 
manifests in an interface failure, whereas a strong interface (as shown in Figure 4) will result 
in mechanical properties primarily dependent on matrix properties [57]. Early onset 
carbonisation of fibre sizing also has a deleterious effect on the fibre-matrix interface [6].  
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Strong fibre-matrix interface achieved via chemical vapour deposition processes (CVD) [6] 
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Thermal expansion of CMCs is similarly dependent on fibre/matrix interactions where thermal 
mismatch strains of the constituents must be supported by the interface. The resulting 
heterogeneous shrinkage and weak interface contribute to microcracking and unpredictable 
thermal properties [6]. In the case of C/C composites, the assumption of load transfer via 
friction mechanisms (debonded interface) partially explains the mechanical properties, however 
a more fundamental understanding of the interface is required for accurate analytical and 
numerical modelling of these composites [57].  
 
2.2.2 Micromechanics of PMCs, UHTCs and CMCs 
Polymer matrix composites (PMCs), UHTCs and CMCs are generally fibre-matrix composites 
with mechanical properties highly dependent on fibre volume fraction (Vf), density (ρ) and 
fibre-matrix interface. The fibre volume fraction is quantified by the fibre packing arrangement; 
either a square-packed array or hexagonal-packed array (as shown in Figure 5) [21].  
Figure 5. Fibre packing arrangements [23] 
Effective elastic properties of fibrous composites may be estimated via empirical/semi-
empirical formulations or finite element simulations based on the fibre packing geometry and 
volume fibre fraction. Relationships utilising constituent mechanical properties (matrix and 
fibre) and the packing geometry, as summarised in Table 2, offer an initial estimate of overall 
composite materials properties.  
Table 2 
Elementary mechanics of materials models [21][13] 
Property Model/Formulation 
Longitudinal 
modulus (E1) 
Role-of-Mixtures 
(ROM) 
E1 = VfE1f + VmEm 
Transverse 
modulus (E2)  
Inverse Rule-of-
Mixtures (I-ROM) 
1
E2
=
Vf
E2f
+
Vm
Em
 
Hopkins-Chamis 
RVE (HC-RVE) 
E2 = Em [(1 − √Vf) +
√Vf
1 − √Vf (1 −
Em
E2f
⁄ )
] 
Major 
Poisson’s ratio 
(ν12) 
Rule-of-Mixtures 
(ROM) 
υ12 = Vfυ1 + Vmυm 
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Property Model/Formulation 
Shear modulus 
(G12) 
Inverse Rule-of-
Mixtures (I-ROM) 
1
G12
=
Vf
Gf12
+
Vm
Gm
 
Spencer Square 
Array Model 
(SSAM) 
G12
Gm
=
Γ − 1
Γ
+
1
k
[
π
2
+
2Γ
√Γ2 − k2
tan−1√
Γ + k
Γ − k
] ; k = 1 −
Gm
Gf12
; Γ =
s
d
 
 
Additional micromechanical prediction methods include the Method of Cells (MOC) and the 
Mori-Tanaka method [25]. For MOC a repeating volume element, comprised of four 
rectangular subcells, is modelled utilising strain concentration tensors, strain-displacement 
equations and displacement continuity along subcell interfaces to develop average effective 
elastic properties of the full volume element [25]. MOC has shown excellent correlation with 
numerical and experimental results. The Mori-Tanaka method relates the average strain in an 
inclusion, such as a fibre, to the average matrix strain via a fourth-order tensor quantity, T. 
From this tensor quantity and relation, the average effective engineering properties may be 
ascertained [25].  
 
A more accurate assessment of elastic properties is achieved from finite element 
micromechanical analysis (FEA) utilising a representative volume element (RVE) that captures 
the effective behaviour of the overall composite [13]. The selection of an RVE is the 
discretionary choice of the analyst, however a single fibre (with surrounding matrix) is the 
predominant method in literature. A sample RVE element for a hexagonal fibre packing is 
shown in Figure 6.  
Figure 6. FEA unit cell for hexagonal fibre packing [24] 
FEA micromechanics models additionally allow the inclusion of periodicity and boundary 
condition constraints to improve the accuracy of fibre-matrix interfacial property predictions 
[24].   
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2.2.3 Current and future applications of UHTCs/CMCs 
UHTCs and CMCs are primarily implemented in high performance industries that are able to 
justify the increased expense and/or complexity associated with implementation of these 
materials. C/C composites are primarily used in aircraft and Formula 1 ® brake assemblies, 
rocket motors, heatshields for trans-atmospheric space vehicles or for leading edge applications 
in high-temperature oxidising environments [58].  In each of these cases, the material is 
subjected to prolonged high temperature environments or sudden and repeated thermal shock. 
Additional implementations of CMCs include hot pressing dies, gas ducts in nuclear reactors 
and biomedical devices due to the superior biocompatibility of carbon [6]. Future applications 
of CMCs and UHTCs are vast including implementation in nuclear fusion reactors, rotating 
components in axial turbomachinery and functionally graded materials for tailored thermal 
properties. An application of particular interest to hypersonic flight vehicles is shape-
morphing/flexible UHTCs to enable continuous variation of inlet area ratio and dynamically 
alter the inlet contour line to minimise pressure losses in scramjets [59]. However, to achieve 
such applications requires a thorough understanding of composite shell structural analysis and 
modelling.  
2.3 ANALYSIS OF COMPOSITES SHELL STRUCTURES  
The development of analytical models that encompass the behaviour of composite materials 
has relied heavily on the assumption that the constituent materials may be ‘smeared’ to that of 
an equivalent homogenous, orthotropic material (those with two planes of orthogonal 
symmetry) [25]. An orthotropic material has 9 independent stiffness terms, expressed in matrix 
form below.  
{𝜎} =
[
 
 
 
 
 
 
𝐶11 𝐶12 𝐶13 0 0 0
𝐶22 𝐶23 0 0 0
𝐶33 0 0 0
𝐶44 0 0
𝑠𝑦𝑚 𝐶55 0
𝐶66]
 
 
 
 
 
 
{𝜀} 
The widespread use of composite materials in structures such as plates and cylinders, which 
have one characteristic dimension an order of magnitude less, has led to the development of 
simplified theories reliant on an assumption of plane stress (out-of-plane strains are negligible) 
[25]. For the state of plane stress, the stress-strain relation reduces to,  
{
𝜎1
𝜎2
𝜏12
} = [
𝑄11 𝑄12 0
𝑄12 𝑄22 0
0 0 𝑄66
] {
𝜀1
𝜀2
𝛾12
} 
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where Qij are the reduced stiffnesses
1 [13][25]. These stiffnesses are dependent on lamina level 
materials properties ascertained from experimental testing or micromechanical analysis [26]. 
𝑄11 =
𝐸1
1 − 𝜐12𝜐21
 
𝑄12 =
𝜐12𝐸2
1 − 𝜐12𝜐21
=
𝜐21𝐸1
1 − 𝜐12𝜐21
 
𝑄22 =
𝐸2
1 − 𝜐12𝜐21
 
𝑄66 = 𝐺12 
The generalised stiffness terms (?̅?) are developed to orient off-axis lamina, each with an 
independent principal coordinate system, to the x-y-z coordinate system by applying a 
transformation matrix (a function of an arbitrary rotation (θ) [26]. 
𝑚 = cos 𝜃 
n = sin 𝜃 
[𝑇] = [
𝑚2 𝑛2 2𝑚𝑛
𝑛2 𝑚2 −2𝑚𝑛
−𝑚𝑛 𝑚𝑛 𝑚2 − 𝑛2
] 
[?̅?] = [
?̅?11 ?̅?12 ?̅?16
?̅?11 ?̅?22 ?̅?26
?̅?16 ?̅?26 ?̅?66
] = [𝑇]−1 [
𝑄11 𝑄12 0
𝑄12 𝑄22 0
0 0 𝑄66
] [𝑇] 
The generalise stiffness terms are subsequently utilised to calculate stresses in the x-y-z 
coordinate system [25][26]. 
 {
𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦
} = [
?̅?11 ?̅?12 ?̅?16
?̅?11 ?̅?22 ?̅?26
?̅?16 ?̅?26 ?̅?66
] {
𝜀𝑥
𝜀𝑦
𝛾𝑥𝑦
} 
The above methodology is applicable for determining stresses in a single lamina, however the 
majority of structural components are manufactured from ‘k’ bonded lamina to form a single 
laminate (Figure 7) with a specified stacking sequence and thickness (zk-zk-1) [26][27]. 
Figure 7. Laminate stacking sequence numbering [27]  
                                                 
1 Termed ‘reduced stiffnesses’ as the plane-stress assumption reduces the problem from a full 3D state of stress.  
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Composites utilise specific nomenclature to describe the stacking sequence of laminates with 
off-axis oriented plies. For example, a [0/90/90/0] laminate denotes a 4 ply laminate (k = 4) 
with ply orientations of 0°, 90°, 90° and 0° and an order of [1,2,3,4]. Alternatively, this could 
be designated as [0/90]s, where s indicates symmetric, or [0/90]2, which is a [0/90/0/90] 
antisymmetric laminate [8]. As laminates are constructed of several lamina with varying 
orientations, additional theorems, namely the ‘Classical Lamination Theory’ (CLT) are 
required to account for lamina coupling interactions [25].  
 
2.3.1 Classical lamination theory (CLT) 
Classical lamination theory (CLT) follows the works of Pister and Dong (1959) and Reissner 
and Stavsky (1961) in describing the linear elastic response of a laminate structure subjected to 
in-plane loads and bending moments [25][28][29]. Assuming a global x-y-z coordinate system 
located at the laminate mid-plane with z positive downward, the laminate coordinate system is 
as in Figure 8.  
Figure 8. Laminate coordinate system [30]  
CLT relies on several assumptions, including:  
 Laminates consists of perfectly bonded, homogeneous laminae; 
 Individual lamina properties are isotropic, transversely isotropic or orthotropic; and 
 Each lamina is in a state of plane stress and the laminate deforms in accordance with 
Kirchoff-Love plate theory and the Kirchoff hypothesis (normal to midplane remain 
straight and normal to midplane after deformation) [31].  
The Kirchoff hypothesis is a purely geometric constraint that defines the displacement of a 
point, P, with respect to a mid-plane reference point, P
0. Defining u0, w0 and 
𝜕𝑤0
𝜕𝑥
 as the 
horizontal translation, vertical translation and rotation of the reference point respectively, it is 
determined that the displacement in x (u), y (w) and z (v) directions are,  
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𝑢(𝑥, 𝑦, 𝑧) = 𝑢0(𝑥, 𝑦) − 𝑧
𝜕𝑤0(𝑥, 𝑦)
𝜕𝑥
 
𝑣(𝑥, 𝑦, 𝑧) = 𝑣0(𝑥, 𝑦) − 𝑧
𝜕𝑤0(𝑥, 𝑦)
𝜕𝑦
 
𝑤(𝑥, 𝑦, 𝑧) = 𝑤0(𝑥, 𝑦) 
The strains in the x-y-z coordinate system may be expressed via grouping of curvature and 
linear strains in the above displacement functions such that the displacement in x and y vary 
linearly through the laminate thickness [8].  
𝜀𝑥(𝑥, 𝑦, 𝑧) = 𝜀𝑥
0(𝑥, 𝑦) + 𝑧𝑘𝑥
0(𝑥, 𝑦) 
𝜀𝑦(𝑥, 𝑦, 𝑧) = 𝜀𝑦
0(𝑥, 𝑦) + 𝑧𝑘𝑦
0(𝑥, 𝑦) 
𝛾𝑥𝑦(𝑥, 𝑦, 𝑧) = 𝛾𝑥𝑦
0 (𝑥, 𝑦) + 𝑧𝑘𝑥𝑦
0 (𝑥, 𝑦) 
Therefore, stresses in each lamina may be calculated based on the generalised stiffness terms 
and strains for each lamina as a function of fibre orientation angle and distance from the ply 
centre (z thickness value) [26]. 
{
𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦
} = [
?̅?11 ?̅?12 ?̅?16
?̅?12 ?̅?22 ?̅?26
?̅?16 ?̅?26 ?̅?66
] {
𝜀𝑥
0 + 𝑧𝑘𝑥
0
𝜀𝑦
0 + 𝑧𝑘𝑦
0
𝛾𝑥𝑦
0 + 𝑧𝑘𝑥𝑦
0
} 
This yields a step-wise inter-laminar stress distribution and linear through thickness variation 
for each constitutive lamina. Utilising the variation of linear strains with curvature and through-
thickness displacement, reference plane strains and curvatures may be calculated from moment 
and force resultants (Mx, My, Mxy, Nx, Ny and Nxy) acting on the reference surface, as shown 
below [25][26]. 
𝑁𝑖 = ∫ 𝜎𝑖 𝑑𝑧
𝑡
2
−𝑡
2
 
𝑁𝑖𝑗 = ∫ 𝜏𝑖𝑗 𝑑𝑧
𝑡
2
−𝑡
2
 
𝑀𝑖 = ∫ 𝜎𝑖𝑧 𝑑𝑧
𝑡
2
−𝑡
2
 
𝑀𝑖𝑗∫ 𝜏𝑖𝑗𝑧 𝑑𝑧
𝑡
2
−𝑡
2
Reordering of these equations with respect to stress and substituting into the generalised 
stiffness form of the stress-strain equation yields laminate-extensional stiffness (Aij), laminate-
coupling stiffness (Bij) and laminate-bending (Dij) stiffness terms for each ‘k’ lamina [26].  
𝐴𝑖𝑗 = ∫ (?̅?𝑖𝑗)𝑘 𝑑𝑧 = ∑(?̅?𝑖𝑗)𝑘
(𝑧𝑘 − 𝑧𝑘−1)
𝑁
𝑘=1
𝑡
2
−
𝑡
2
 
𝐵𝑖𝑗 = ∫ (?̅?𝑖𝑗)𝑘𝑧 𝑑𝑧 = ∑(?̅?𝑖𝑗)𝑘
(𝑧𝑘
2 − 𝑧𝑘−1
2)
𝑁
𝑘=1
𝑡
2
−
𝑡
2
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𝐷𝑖𝑗 = ∫ (?̅?𝑖𝑗)𝑘𝑧
2 𝑑𝑧 = ∑(?̅?𝑖𝑗)𝑘
(𝑧𝑘
3 − 𝑧𝑘−1
3)
𝑁
𝑘=1
𝑡
2
−
𝑡
2
 
The laminate stiffness terms may then be assembled to form a laminate stiffness matrix (Aij, Bij 
and Dij) that upon inversion yields a compliance matrix (aij, bij and dij) used to solve for strains 
and resulting stresses in each lamina [25][26].  
{
  
 
  
 
𝜀𝑥
0
𝜀𝑦
0
𝛾𝑥𝑦
0
𝜅𝑥
𝜅𝑦
𝜅𝑥𝑦}
  
 
  
 
=
[
 
 
 
 
 
𝑎11 𝑎12 𝑎16 𝑏11 𝑏12 𝑏16
𝑎12 𝑎22 𝑎26 𝑏12 𝑏22 𝑏26
𝑎16 𝑎26 𝑎66 𝑏16 𝑏26 𝑏66
𝑏11 𝑏12 𝑏16 𝑑11 𝑑12 𝑑16
𝑏12 𝑏22 𝑏26 𝑏12 𝑏22 𝑏26
𝑏16 𝑏26 𝑏66 𝑑16 𝑑26 𝑑66]
 
 
 
 
 
 
The assumptions associated with implementation of Kirchoff-Love theory require that the 
aspect ratio of the shell (R/t) is large (> 20) or excessive curvature artefact stresses are present 
in the resulting solution [13][25][26]. In order to prevent such artefacts, elasticity solutions 
(Lekhnitskii’s theory) or finite element methods may be implemented to achieve more accurate 
results, at the expense of computational efficiency [25].  
 
2.3.2 Midplane and reference plane effects in anti/unsymmetric laminates  
The assumption of a coincident midplane and reference plane in the analysis of laminated 
structures using CLT is only valid in cases where the laminate is symmetric. For unsymmetric 
or antisymmetric laminates, the coincidence assumption of the midplane and reference plane 
yield erroneous terms due to imbalanced stiffness about the reference plane [26]. Denoting ‘e’ 
as the location of the reference plane, the selection of the mid-plane as the reference plane in 
symmetric laminates (mathematically below) causes all membrane-bending coupling 
coefficients (Bij) to be zero, yielding a simplified decoupled solution [26].  
𝑒 =
ℎ
2
 
For an arbitrarily defined reference plane, the bending-stiffness (Dij) and membrane-bending 
coupling stiffness (Bij) terms are a function of the location of the reference plane and the 
distribution of stiffness about the geometric midplane (middle thickness) [26]. For the case of 
orthotropic lamina, this relation is mathematically prescribed by,  
𝐴𝑖𝑗 = 𝐼𝑖𝑗
(0)
 
𝐵𝑖𝑗 = 𝐼𝑖𝑗
(1) − 𝑒𝐼𝑖𝑗
(0)
 
𝐷𝑖𝑗 = 𝐼𝑖𝑗
(2)
− 2𝑒𝐼𝑖𝑗
(1) + 𝑒2𝐼𝑖𝑗
(0)
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𝐼𝑖𝑗
(0) =∑𝑄𝑖𝑗
(𝑘)
𝑁
𝑘=1
ℎ𝑘 
ℎ𝑘 = 𝑧𝑘 − 𝑧𝑘−1 
𝐼𝑖𝑗
(1)
=
1
2
∑𝑄𝑖𝑗
(𝑘)ℎ𝑘(𝑧𝑘 + 𝑧𝑘−1)
𝑁
𝑘=1
 
𝐼𝑖𝑗
(2)
=
1
3
∑𝑄𝑖𝑗
(𝑘)ℎ𝑘(𝑧𝑘
2 − 𝑧𝑘𝑧𝑘−1 + 𝑧𝑘−1
2 )
𝑁
𝑘=1
 
where ‘e’ is an arbitrarily defined coordinate of the reference plane [26]. In the case of 
orthotropic lamina, the interim Iij expressions may be reduced to functions of effective local Aij, 
Bij and Dij matrices such that the laminate Aij, Bij and Dij matrices may simply be calculated 
based on transformations [26]. Thus, the selection of the reference plane is only important in 
that it must lie in the plane of load application and restraint (boundary conditions). Whilst offset 
load boundary conditions may be accounted for with corrective moment loads, offset 
displacement conditions cannot be accurately accounted for in CLT analyses [26]. This is most 
apparent in finite element analyses in which the reference plane of a laminate shell structure is 
defined by the user to lie in an arbitrary plane of the boundary conditions.   
 
2.3.3 Finite element analysis for shell structures 
With modern increases in computation power, finite element methods are becoming more 
commonplace in the analysis and validation of structures and theoretical models. Through 
discretisation of a domain into discrete nodal points and elements, finite element analysis offers 
an ‘integral’ or averaged solution to multiphysics problems. In the case of shell analysis, the 
use of static analysis conditions with shell elements (Figure 9) allows stresses in composite 
shells to be assessed with considerable accuracy (assuming a sufficiently refined mesh) [32]. In 
FEA, the alignment of element axes to the primary coordinate system and the selection/meshing 
of elements are user defined aspects that may significantly affect the accuracy and validity of 
the solution. For example, the SHELL181 element depicted in Figure 9 may result in 
unexpected results if used as a degenerate triangular shell (two nodes at a single vertex) [33].  
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Figure 9. SHELL181 element with coordinate systems [33] 
Additionally, an incorrect definition of the reference plane for loading and applied boundary 
conditions may yield similarly unexpected results. Thus, FEA solutions must be conducted in 
an informed manner in order to prevent erroneous results.  
 
2.3.4 Available FEA software for composite shell analysis  
The two primary commercial FEA software currently available are ANSYS® developed by 
ANSYS Inc. and ABAQUS® developed by Dassault Systemes [60][61]. Both ANSYS and 
ABAQUS are capable of modelling composite shells as layered shell elements for thin walled 
structures or layered solid elements for thick walled structures. Unlike ABAQUS, ANSYS 
includes a composite user interface, termed ANSYS Composite PrepPost (ACP), as a 
component of the standard ANSYS Workbench [60].  This streamlines modelling of composite 
structures albeit at the expense of some user control, including selection of element type. The 
primary advantage of ACP is the use of rosettes (localised coordinate systems) that allow for 
collective orientation of all elements to a user defined coordinate system, a task often tedious 
in a coded analysis using ANSYS Parametric Design Language (APDL) or ABAQUS. An 
advantage of ABAQUS is the existence of CONTINUUM elements that allow for specification 
of the full 3D geometry with thickness defined by nodal geometry rather than a user input 
section property [60][61]. A critical pitfall of both ANSYS and ABAQUS is the computation 
of stresses and strains with respect to the shell reference plane, which by default is selected as 
the shell mid-plane. It has been previously shown that this is only accurate in the case of 
symmetric laminates. Each software has the capacity to allow for a user defined reference plane, 
however neither provide a subroutine for determining the location of the reference plane for an 
arbitrary laminate. The development of such subroutines present publishable future work.  
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2.3.5 Digital image correlation (DIC)  
Digital image correlation (DIC) is a non-contact optical measurement technique that utilises 
deformation tracking to calculate full-field strains. DIC is most directly applicable to materials 
testing, strength assessment, component dimensions/inspection and FEA verification. DIC may 
be implemented as a 2D or 3D measuring system using either a single or stereo cameras. Both 
2D and 3D DIC systems require complex calibration processes that are dependent on the 
selected sampling volume and lens type. In many cases the calibration is the limiting factor in 
measurement accuracy and as such often requires multiple attempts to appropriately calibrate. 
Through measurements of a stochastic surface pattern (black and white pattern applied to all 
test specimens), WxW pixel facets are generated and used to track the deformation of the 
surface pattern, where W is a user specified pixel size (as in Figure 10) [71]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. 15x15 pixel tracking facets (with 2 pixel overlap) [71] 
The 2D coordinates of each facet are observed from both the left and right cameras, and 
subsequently combined using photogrammetry to yield a common 3D coordinate. A 
computation mask is then defined to enable calculation of strains based on an x-y-z principal 
coordinate system (or any arbitrary user defined system). Deformation between surface points 
of interest may be then be defined to observe specific strains. The performance and strain 
resolution of DIC is defined by several inter-related parameters: 
 lens aperture and available lights determines the available sampling rate (wider 
apertures allow for a higher sampling rate); 
 depth of focal plane is determined by the lens aperture;  
 measurement resolution dependent on measurement volume as fixed camera resolution 
is approximately 2400 x 2000 pixels (smaller volumes = high strain resolution);  
 quality of the stochastic pattern and calibration accuracy); and 
 facet dimensions i.e. increasing or decreasing the size of the facet to capture localised 
phenomena.  
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DIC has been used in the measurement of buckling and post-buckling failure of CFRP cylinders 
at the German Aerospace Center (as in Figure 11) and as such presents a potential system for 
assessing the elastic properties of filament wound CFRP cylinders, as in this current 
investigation.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Complete deformation field of thin walled CFRP cylinder [71] 
 
2.4  FILAMENT WOUND COMPOSITES  
Computer controlled filament winding is an automated composite manufacturing technique for 
the fabrication of fibre reinforced polymer composites [13]. Filament winding is the process of 
wrapping resin pre-impregnated filament (prepreg) or wet fibre unidirectional tows at a 
specified wind angle (θ) over a rotating mandrel to achieve a net shell structure [34]. The 
mandrel defines the internal geometry of the structure to be wound, whereas the selected 
winding patterns and wind angle (angle between fibre direction and axis of rotation of the 
mandrel) defines the directionality and mechanical properties of the resulting composite 
structure [35]. Modern computing permits the generation of highly accurate winding paths with 
wind angles varying from a hoop wind, in which each fibre tow is placed adjacent to the 
previously wound tow in a shallow helix (90°), to a helical wind, in which the fibres are wound 
to form an overlapping pattern until surface coverage is achieved (angles between 0-90°) [35]. 
A hoop wind is the maximum permissible helical wind angle (θmax) and is limited by the 
mandrel radius (R) and fibre tow bandwidth (bw) [35].  
𝜃𝑚𝑎𝑥 = cos
−1 (
𝑏𝑤
2𝜋𝑅
) 
In helical winding a single fibre path, termed a stroke, forms a helix with a pitch prescribed by 
the wind angle. The fibre payout element is held stationary at the end of each stroke whilst the 
mandrel continues to rotate, termed the dwell angle (θdwell). The dwell allows the fibre tow to 
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change direction prior to the accompanying stroke and second dwell [35][36]. This combination 
of strokes and dwells is termed a circuit (as shown in Figure 12). In a helically wound circuit, 
the forward stroke is at a +θ wind angle, whereas the counter stroke is at a –θ wind angle.  
 
Figure 12. Fibre stroke (left) and a complete fibre circuit (right) [35]  
Upon completion of a circuit, the tow start position is generally not in the position of the first 
stroke and thus an Np number of circuits is required until the spacing is uniform; this is referred 
to as the filament winding pattern. The development of filament winding patterns that achieve 
surface coverage is highly complex and reliant on parameters including mandrel coefficients of 
friction, fibre tension and the type of fibre to be wound. Of key importance is the mandrel 
geometry. For concave/convex bodies, or bodies with polar openings (such as pressure vessels), 
non-geodesic polar windings are mandatory i.e. curved fibres [13]. For the simplified case of a 
cylinder, the total number of circuits required for surface coverage is termed Nc, and 
mathematically expressed as, 
𝑁𝑐 =
2𝜋𝑅 cos 𝜃
𝑏𝑤
 
Nc must be an integer by definition, and as such a minor variation in fibre bandwidth is generally 
required to match the desired wind angle, however curing conditions and fibre tension tends fill 
gaps caused by angle-bandwidth mismatch [35]. As the number of circuits must similarly be an 
integer, Np, Nc and a case-specific θdwell are numerically related by,  
𝑁𝑝 [
𝐿𝑤 tan 𝜃
𝜋𝑅
+
𝜃𝑑𝑤𝑒𝑙𝑙
180
− 𝐼𝑛𝑡 (
𝐿𝑤 tan 𝜃
𝜋𝑅
+
𝜃𝑑𝑤𝑒𝑙𝑙
180
)] = 𝑚 +
1
𝑁𝑐
 
where m is an arbitrary integer, Int(x) is the integer component of the value and Lw is the 
mandrel length [35]. Several solutions are possible depending on user selected values of Np, m 
and θdwell, however dwell angle is often a primary point of iteration as it directly impacts fibre 
consumption and winding stability in the dwell regions [37].  In filament winding, each 
subsequent fibre stroke is wound atop a previously laid fibre, resulting in fibre bending at the 
cross-over interface [35]. This localised fibre undulation is an intrinsic manufacturing 
imperfection associated with filament winding, and manifests in the form of fibre mosaics and 
complex coupling interactions caused by out-of-plane and in-plane stiffness variations that 
affect the overall mechanical properties of the structure [24][35].  
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2.4.1 In-plane waviness and out-of-plane fibre undulation 
Fibre waviness and undulation are intrinsic to all filament wound structures and has an 
appreciable impact on in-plane stiffness (E1), out-of-plane stiffness (E3), both major and minor 
Poisson’s ratio and out-of-plane coefficients of thermal expansion [24]. In-plane and out-of-
plane fibre misalignment arise in filament winding from localised fibre buckling, cure shrinkage 
and the pressure exerted by overlaying fibres [24]. Several numerical models and FEA 
approaches have been developed to address out-of-plane fibre undulation and in-plane fibre 
waviness in textile/fabric composite. Chou and Ishikawa (1982) introduced “mosaic”, “fibre 
undulation” and “bridging” models to account for fibre continuity and undulation in textile 
woven fabrics by parametrically defining undulation geometry and integrating along a 
discretised fibre length to calculate corrected reduced stiffnesses [38]. Bogetti et al (1992) 
developed an analytical model based on 2D laminated plate theory for undulating cross-ply 
laminates [90/0/90] [39]. Based on a discretised half-sinusoid (shown in Figure 13) , Bogetti’s 
model predicted the influence of waviness on longitudinal moduli, transverse moduli, Poisson’s 
ratio and shear moduli as a function of the undulation amplitude [39]. 
 
Figure 13. Discretised undulation sinusoid [39] 
By applying CLT to each discretised segment (dx), the effective laminate coupling response of 
each unit cell (Aij, Bij and Dij) was obtained and averaged. It was determined that mechanical 
properties other than E1 (longitudinal modulus) were relatively insensitive to undulation 
amplitude for AS4 Graphite/PEEK and S2 Glass/PEEK composite laminates [39]. Hipp and 
Jensen (1992), Pai and Jensen (2001) and Zhang et al. (2008) utilised similar 2D approaches to 
ascertain that fibre undulations resulted in complex elastic coupling in each lamina that verified 
Bogetti’s model [40][41][42]. However, unlike textile fabrics/woven composites, filament 
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wound composites exhibit localised step undulations rather than constant sinusoidal 
undulations (as in Figure 14) which require more complex modelling or volume averaging 
approaches [35].  
Figure 14. Fabric undulation (left) and filament wound undulation (right) [35] 
 
In light of this, Zhang et al (2008) utilised a two-scale numerical approach comprised of a RVE 
fibre bundle model and meso-scale RVE to model the influence of fibre cross-over and 
undulation in a filament wound tube [42]. RVEs were constructed from three basic sub-blocks 
and a localised stress-concentration was observed in numerical simulations of the helical and 
circumferential overlap regions, as shown in Figure 15 [42]. However the existence of such 
stress-concentration was not verified experimentally, and presents an opportunity for future 
work.  
 
  
 
 
 
 
 
 
 
Figure 15. Stress concentration in undulation regions [42] 
Zindel and Bakis (2011) built on the work of Zhang (2008) by developing a non-linear model 
comprised of several sub-cell assemblages dependent on the winding angle. An iterative 
solution method was employed to account for non-linearity of strain-dependent engineering 
lamina properties that occur in flexible matrix composites [62]. Results were validated with 
experimental test data of filament wound FMC tubes (carbon fibre + flexible polymer) and it 
was noted that the influence of undulations was more severe in compression than tension caused 
by gradual onset of fibre instability. The analytical model showed good agreement with 
experimental data. Additionally, Zindel identified the reduction in axial/longitudinal modulus 
associated with an increase in the filament winding pattern and noted that the model did not 
23 
 
accurately account for microbuckling failure, the predominant compression failure mechanism 
[62]. Henry (2014) developed a three-dimensional homogenisation scheme based on CLT in 
order to predict the influence of out-of-plane and in-plane rotation on elastic properties. 
Homogenisation was applied at discrete dx intervals in the longitudinal direction in order to 
develop a homogenised compliance matrix. The scheme showed excellent agreement with 
experimental data for elastic properties however was ineffective in determining failure due to 
the homogenisation [63]. Hsiao and Daniel (1996) developed CLT-based models for both 
localised and uniform fibre waviness (in-plane) in an attempt to quantify manufacturing defects 
in the filament winding process [43]. Uniform and localised waviness models (as seen in Figure 
16) were presented assuming a planar sinusoid in the x-z plane with an amplitude (A) and length 
(L) [43].  
 
 
 
 
Figure 16. Uniform undulation (left) and localised undulation models (right) [43] 
 
A similar discretisation-integration approach to Bogetti et al (1992) was utilised, however 
volume averaging was applied for localised undulation compliance (Sij) estimates based on a 
rule-of-mixture formulation (Vw is the waviness volume) in order to localise there affect 
[43][44]. Transformed compliances of each discretised element were determined based on the 
off-axis orientation (due to waviness), with the resulting strains integrated over a single 
wavelength (as shown below) to determine average strains and resulting stiffness in the 
representative volume [43][44]. 
𝑆?̿?𝑗 = (1 − 𝑉𝑤)𝑆𝑖𝑗 + 𝑉𝑊𝑆?̅?𝑗 
𝜀?̅? = {
1
𝐿
∫ 𝑆𝑥𝑥𝑑𝑥
𝐿
0
}𝜎𝑥 
Hsiao and Daniel (1996) concluded that in addition to a reduction in longitudinal stiffness and 
compressive strength, the sensitivity to waviness amplitude was more severe in anisotropic 
composites (ie. carbon/epoxy) [44]. In an attempt to determine thermal expansion affects in 
composites with fibre waviness, Garnich and Karami (2004) conducted a parametric 
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micromechanical FEA model of a periodic unit cell (akin to RVE) (as seen in Figure 17) 
[24][45].  
 
 
 
 
 
Figure 15. FEA model of a period unit cell (left) and E1 [25].  
 
 
Figure 17. FEA assessment of in-plane fibre waviness [45] 
 
They verified the dependency of longitudinal stiffness reduction on amplitude ratio and 
achieved similar behaviour in other elastic properties to the numerical models presented by 
Hsiao and Daniel [45][46]. The advantage of the developed micromechanical model was the 
identification of localised longitudinal shear stresses due to coupling effects that were 
transparent in the aforementioned continuum mechanics analysis methods [24]. Whilst 
undulation affects are highly dependent on the comparative stiffness of the fibre and matrix, 
little research has been undertaken in assessing these impacts in stiff matrices, such as those in 
CMCs. Due to the strong dependence on the fibre-matrix interface, which varies with 
manufacturing processes, the value of assessing undulation in stiff matrices is generally only 
applicable to those specific conditions i.e. it is difficult to generalise the results. Localised 
stresses and coupling interactions in filament wound composites have also been found to be 
dependent on the existence of anti-symmetric fibre mosaics [47].  
 
 
2.4.2 Fibre mosaics  
As a result of the wind angle reversal (shift from positive to negative) in filament winding, 
characteristic rhombohedral regions are formed throughout the laminate with alternating fibre 
orientation, as seen in Figure 18. The shape and size of these regions is termed the patterns 
‘fibre mosaic’ [47].  
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Figure 18. Fibre mosaics formed through filament winding [35]  
 
The process of winding yields two distinct regions: helical-crossover bands along the helical 
wind path where undulations are aligned next to each other, and circumferential cross-over 
bands oriented along the shell circumference [35]. The triangulated space between cross-over 
bands consists of unidirectional fibres in a +θ/-θ or –θ/+θ laminate. The filament winding 
pattern order (NP) defines the number of triangulated regions per circumference i.e. if Np = 8, 
there are more triangulated regions than NP = 4 [47]. The circumferential undulation band 
spacing (w) is calculated as a function of the filament winding pattern order and the wind angle.  
𝑤 =
𝜋𝑅
𝑁𝑃 tan 𝜃
 
The standard approach to modelling fibre mosaics is to assume the laminate structure is 
comprised of symmetrically reinforced ±θi layers i.e. model as a homogeneous ±θi orthotropic 
layer [47][48].  Morozov (2006) developed a FEA approach of modelling fibre mosaics as 
alternating +θ/-θ and –θ/+θ regions to assess the impacts of elastic coupling between mosaic 
units on the resulting mechanical properties [47]. CLT approaches model fibre mosaics as an 
antisymmetric balanced +θ/-θ layer with stretching and bending-shear couplings, however fails 
to account for the alternation of the antisymmetric layer orientation in each mosaic region 
[47][48]. Morozov determined that the stress-strain distribution is dependent on the size and 
number of mosaic units and as such is not uniform along the length of the shell (as is assumed 
in CLT)[47]. More recently, Uddin and Morozov (2014) demonstrated the influence of the 
alternating antisymmetric angle ply configuration on stresses in a filament wound flywheel 
(shown in Figure 19). The alternating stress state and stretching-twisting and bending-shear 
coupling effects for an alternating mosaic pattern was assessed using FEA, and were shown to 
be most severe in thin laminates with few ±θ antisymmetric layers [64].  
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Figure 19. Radial stress variation across filament would flywheel with varying mosaic pattern [64] 
 
Claus (1994) drew attention to amplification affects caused by multi-layer stacking of 
circumferential and helical cross-over bands (as in Figure 20), however little theoretical or 
experimental analysis has been undertaken to ascertain the influence of layer stacking [35].  
 
 
 
 
 
 
 
  
 
Figure 20. Stacking of circumferential cross-over bands [35] 
Additional complexities arise in considering localised fibre or resin rich regions caused by 
stacking of multiple helically wound plies. Very little work has been undertaken on non-
linearity associated with fibre mosaics and the possible existence of increasing stress 
concentration effects at multi-layered circumferential and helical wind interfaces, and as such 
this presents an area for future research.   
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2.5 HIGH TEMPERATURE EFFECTS  
The analytical and numerical models presented, excluding finite element analysis, rely on the 
assumption of constant environmental conditions [13]. Changes in moisture, termed 
hygroscopic effects, and variations in temperature, termed thermal effects, may alter the 
mechanical and elastic properties of fibre-matrix composites [13]. These combined effects are 
classed as the hygrothermal behaviour of the composite laminate, and primarily involve the 
identification of matrix-softening due to moisture plasticization and elevated temperature 
service conditions, and hygrothermal expansion (moisture swelling and thermal expansion) 
induced stresses [13][26]. Hygrothermal degradation affects are accounted for by the 
determination of coefficients of thermal (α) and hygroscopic (β) expansion that are functions 
of temperature and moisture concentration respectively [26]. This allows for quantification of 
hygrothermal strains at non-standard service conditions, as expressed below.  
{
𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦
} = [
?̅?11 ?̅?12 ?̅?16
?̅?12 ?̅?22 ?̅?26
?̅?16 ?̅?26 ?̅?66
] {
𝜀𝑥
0 + 𝑧𝑘𝑥
0
𝜀𝑦
0 + 𝑧𝑘𝑦
0
𝛾𝑥𝑦
0 + 𝑧𝑘𝑥𝑦
0
} + {
𝛼𝑥
𝛼𝑦
𝛼𝑥𝑦
} ∆𝑇 + {
𝛽𝑥
𝛽𝑦
𝛽𝑥𝑦
} 
Thermal and hygroscopic expansion coefficients regularly differ in transverse and longitudinal 
directions for fibre-matrix composites leading to complex stress and coupling interactions [26]. 
In addition, elastic property degradation at elevated temperature alters reduced stiffness terms 
further affecting the resulting laminate stress distribution [8]. Residual thermal stresses (thermal 
forces and moments) arise in the fabrication of laminated and filament wound composites due 
to differences in CTE in matrix-dominated and fiber-dominated directions, however these 
affects are beyond the scope of the present investigation [49]. As residual stresses are not to be 
assessed, the nature of the fibre-matrix interface and the resulting thermal mismatch will not be 
assessed. Thus, any thermal assessment conducted may only be taken as a first approximation 
without a thorough understanding of the fibre-matrix interface and material nonlinearity arising 
from filament winding defects [56].  
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3 DESIGN TOOL DEVELOPMENT METHODOLOGY  
A multi-scale modelling approach was implemented in this investigation in order to quantify 
the behaviour of filament wound composite shells from a micromechanical level through to 
expected laminate stresses, effective elastic properties and failure modes of laminated structures 
under arbitrary applied loads. Predictive models were developed prior to experimental testing 
so that a thorough test plan could be developed to ensure validation of necessary parameters 
whilst minimising material usage and project cost. The modelling and design tools developed 
are generalised such that may be applied to any filament wound structure, including UHTCs, if 
unique characteristics of such materials including the fibre-matrix interface are quantified and 
appropriately included in the micromechanics and constitutive lamina tools. The results and 
capabilities of these models are summarised in the following sections, with a discussion in light 
of experimental data detailed in Section 4.0.  
3.1 MICROMECHANICS MODELLING AND ASSESSMENT MODULE 
A micromechanics module was developed in order to estimate the elastic properties of a 
constitutive composite lamina. Through implementation of several elementary ‘Mechanics of 
Materials’ models the elastic properties are determined based on user defined property inputs 
for the fibre and matrix independently (as specified in Table 3). The model provides a single 
solution for the lamina longitudinal stiffness (E1) and major Poisson’s ratio (ν12) and multiple 
solutions for transverse (E2), in-plane shear stiffness (G12), out-of-plane shear stiffness (G23) 
and transverse Poisson’s ratio (ν23). The models are predominantly applied to polymer-matrix 
composites (PMCs), such as the carbon-fibre reinforced plastics in this investigation, however 
a modification of the models with respect to fibre-matrix interfacial characteristics and porosity 
would yield a relatively accurate first estimate of UHTC lamina elastic properties.  
Table 3 
Micromechanics model user inputs 
Input Definition 
E1f/E2f Fibre longitudinal and transverse modulus (Pa) 
ν12f, ν21f,ν23f 
Major and minor in-plane fibre Poisson’s ratio, 
transverse major Poisson’s ratio 
G12f, G23f 
Longitudinal shear modulus and transverse shear 
modulus (Pa) 
Vf Fibre volume fraction (0.00-1.00) 
Em* Matrix modulus (Pa) 
νm Matrix Poisson’s ratio 
G12m** Matrix shear modulus (Pa) 
p Transverse modulus solution 
*An isotropic matrix is assumed. **Shear modulus is generally calculated from Young’s modulus and Poisson’s 
ratio.  
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Figure 21 displays a parametric comparison of normalised primary elastic properties versus 
volume fibre fraction for the implemented numerical models. The rule-of-mixtures (RoM) 
assumes an orthotropic fibre imbedded in an isotropic matrix with equal strains in matrix and 
fibre components [13]. Adams (1987) proved the strong correlation between the RoM and 
experimental data for matrix-fibre composite, and as such RoM is a valid design equation and 
additional models are superfluous [52]. Similar geometric compatibility relationships yield an 
accurate solution for the major Poisson’s ratio based on the RoM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 21. Fibre normalised longitudinal modulus (upper) and major Poisson’s ratio (lower) 
 
As shown in Figure 21, longitudinal modulus increases and Poisson’s ratio decreases linearly 
with increasing fibre volume fraction. For transverse and shear properties, unequal strain 
distribution in the fibre and matrix lead to inaccuracies associated with the RoM. As such, 
additional models, namely the inverse rule-of-mixtures (I-ROM), Hopkins-Chamis RVE model 
(HC-RVE), (C-SME), modified rule-of-mixtures (M-ROM) and ‘Elasticity Estimation’ (EE), 
have been implemented to visualise upper and lower limits of elastic properties [13]. This is 
graphically shown in Figure 22 with a parametric comparison normalised by fibre properties.   
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Figure 22. Fibre normalised transverse modulus (upper), in-plane shear modulus (lower) and transverse shear 
modulus 
 
An ANSYS micromechanics representative volume element model (RVE) was developed in 
order to validate the aforementioned micromechanics models of a unidirectional fibre-matrix 
composite and determine the default solution method for micromechanics module. ANSYS 
Parametric Design Language (APDL) was utilised to allow user specified constraints such as 
materials properties and fibre geometry to be modified whilst retaining consistent mesh quality, 
element type and element interface behaviour. Finite element analysis of a RVE with applied 
load cases was used to determine average stresses and strains and allow for characterisation of 
average stiffness parameters. The RVE assumes a perfect fibre-matrix interface and no porosity, 
and as such is an effective assessment for PMCs but is not directly applicable to UHTCs or 
CMCs. A periodic unit cell with square packing was modelled with an arbitrary wavelength of 
5d, where ‘d’ is a user defined fibre diameter and the geometry is specified by closed volume 
fibre fraction expressions. Appropriate boundary conditions were applied at the centre nodes of 
each face to ensure appropriate deformation compatibility and ensure erroneous stresses and 
rigid body movements do not occur. These constraints are based on the work of Garnich and 
Karami (2004), where ci indicates the centre node for each face (i = 1, 2,…,6), eij is the edge of 
faces i and j, and nijk is a corner node sharing three adjacent faces [24].  
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Figure 23 graphically shows cross-sections of the RVE unit cell with fibre volume fractions of 
0.50 and 0.25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. RVE cross-sections for Vf = 0.50 (left) and Vf = 0.25 (right) 
 
Due to difficulties in validating appropriate boundary conditions and compatibility equations, 
ANYS FEA solutions yielded unexpected elastic property predictions for transverse and shear 
moduli. In light of this, Hopkins-Chamis simplified micromechanics equations were used in-
lieu of ANSYS for elastic property predictions due to low confidence in the stability and 
accuracy of FEA outputs.  
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3.2 COMPOSITE LAMINATE THEORY MODULE  
A CLT analysis model was developed in Python 2.7 in order to determine stresses, strains and 
resulting equivalent elastic properties of axisymmetric filament wound shells. The model, 
denoted CLT-C, utilises standard CLT assumptions (as outlined in Section 2.3.1) and assigns a 
reference plane at the laminate centreline through summation of ply thicknesses. An additional 
CLT model (CLT-U) was developed utilising an arbitrary user-defined reference plane in order 
to validate the assumption of a mid-plane reference line. Due to the complexity of implementing 
CLT-U in a coded module, it has yet to be compared to FEA and solutions in literature for 
antisymmetric and non-symmetric laminates. CLT-U allows several solution methods for 
filament wound cylinders: a homogenisation method that calculates an equivalent 
homogeneous ply for the laminate (ignores coupling effects); an antisymmetric angle ply 
method that accounts for coupling interactions in helically wound cross-ply layers or a fully 
anisotropic method. Both models are calculated in the x-y-z coordinate system, with resulting 
stresses and strains transformed to the principal materials coordinates as a final post-calculation 
step. Table 4 designates the required user inputs for both CLT-C and CLT-U models.  
Table 4 
CLT-C and CLT-U inputs 
CLT-C CLT-U 
Materials properties (E1,E2,ν12, G12) Materials properties (E1,E2,ν12, ν21,G12) 
Wind angle per ply – θ (°) Wind angle per ply – θ (°) 
Number of layers - n Number of layers - n 
Ply thickness – t (m) Ply thickness – t (m) 
Input loads - Nx,Ny,Nxy,Mx,My,Mxy (N/m or N) Input loads - Nx,Ny,Nxy,Mx,My,Mxy (N/m or N) 
Solution method – q* Location of reference plane – e (m) 
 Solution method – p** 
*q = 1 – curvature terms included, q = 2 – curvature terms excluded 
**p = 1 – homogenisation method, p  = 1 – angle ply method, p = 2 – anisotropic coupled solution 
 
The accuracy of CLT relies on a plane-stress assumption, and as such is invalid for thicker 
walled structures, or structures with significant curvature. An FEA model was developed in 
ANSYS Workbench 15.0 utilising the ANSYS Composite PrepPost (ACP) module for a 
unidirectional carbon epoxy composite with materials properties specified in Table 5.  
Table 5 
Elastic properties of modelled UD composite lamina [50] 
E1 (GPa) E2 (GPa) ν12 G12 (GPa) ρ (kg.m-3) 
122.34 7.80 0.27 5.0 1518.0 
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A fibre rosette and oriented element set were used in the FEA model to align the x-y-z element 
coordinate system with a projection of the global coordinate system. This enables stresses in 
the fibre longitudinal and transverse direction to be determined without excessive post-
processing. Results from ANSYS and CLT codes were specified and compared in the principal 
coordinate system of each individual lamina. Figure 24 graphically displays a comparison of 
fibre-direction principal stresses (σ1) determined in ANSYS CLT-C for 1.0 m radius [45/-45]s 
and [45/-45/45/-45] laminated cylinders. A symmetric and anti-symmetric laminate with a ±θ 
arrangement was selected as this most accurately represents filament winding and allows for 
the assessment of curvature and coupling effects in a simplified case.  Each laminate is assessed 
using a homogenisation approach that eliminates twisting/anticlastic curvature effects, termed 
CLT NC, and a fully anisotropic solution that incorporates all curvature effects.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Through thickness stress predictions for symmetric (top) and antisymmetric (bottom) thin-walled 
cylindrical shells 
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Evidently, CLT-C predicts the stress response accurately for symmetric laminates where 
coupling induced anticlastic curvature is negligible. In the case of an antisymmetric laminate, 
the existence of extensional-bending/stretching coupling induces an artificial 
twisting/anticlastic curvature strain. Long, cylindrical shells inherently have greater resistance 
to twisting curvature than a flat plate (the assumed reference state for CLT-C). In order to 
improve the accuracy of estimates, laminate twisting curvature (kxy) was forcibly set to zero in 
CLT stress calculations, however this assumption exhibits an interesting implication in the use 
of Kirchoff-Love theory. By definition the theory requires a large radius/thickness ratio in order 
to validate the plane stress conditions, however thicker laminates will provide greater stiffness 
and resistance to twisting curvature (for a set load) and more closely align with results assuming 
twisting curvature is zero. An optimisation subroutine of these conflicting constraints would be 
effective in determining an appropriate kxy twisting curvature reduction factor, and presents 
potential for future research and publishable work. In this investigation comparisons of CLT 
models and ANSYS currently employ the zero kxy curvature assumption. A parametric analysis 
of varying radius (R) to wall thickness (t) ratios (with constant cylinder aspect ratio) was 
undertaken in ANSYS finite element software for symmetric and anti-symmetric laminates to 
estimate the accuracy of the developed CLT codes over a broad range of cases where twisting 
curvature is assumed zero.  Table 6 summarises the wall thickness/curvature ratios for the 
assessed laminate types, namely, [45/-45]s and [45/-45/45/-45]. 
Table 6 
Wall thickness/curvature ratios assessed using FEA 
Radii (m) Wall Thicknesses (m) Radius/Wall Thickness 
1.00 0.0008 125.0 
0.10 0.0008 12.5 
0.01 0.0008 1.25 
 
Figure 25 graphically display through-thickness principal laminate stresses (σ1, σ2, τ12) for the 
assessed axisymmetric laminated cylinders subjected to 0.1MPa internal pressure. The 
stresses have been normalised with respect to the FEA solution (shown below) to yield a 
correlation coefficient that allows for more effective comparison of curvature effects.  
𝐶𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 =
𝜎𝑖(𝐶𝐿𝑇)
𝜎𝑖(𝐹𝐸𝐴)
 
A correlation coefficient of 1 indicates a strong correlation between CLT and FEA solutions, 
whereas coefficients greater than or less than 1 indicate weaker correlation between the 
theoretical and numerical solutions.  
 
35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. Correlation coefficients of 0.1m radius laminated cylinders (σ1- top, σ2 – centre, τ12 – bottom) 
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From Figure 25, it can be seen that the σ1 CLT solution for symmetric laminates correlates well 
with an FEA solution throughout the entirety of the laminate and across a broad range of 
curvatures. Deviations from the FEA solution ranged from 0.01% - 1.00% error, with error 
relatively consistent across a curvature/thickness range of 125.0 to 1.25. σ2 exhibited a minor 
deviation from the FEA solution, most likely due to artefact ky curvature stresses not accounted 
for in the CLT model (starts as a flat plate rather than as a curved shell structure). The principal 
shear stress exhibited the smallest error, with an average of approximately 0.035% across all 
curvatures. Antisymmetric laminates exhibited much greater deviations from the FEA solution, 
with error percentages ranging from 17.1% at 1.0 m radius, up to 22.9% for a 0.01 m radius. 
The relatively poor correlation between FEA and CLT solutions for antisymmetric laminates is 
a result of the zero twisting curvature assumption. It is expected that with increasing shell 
stiffness (increasing number of plies) the assumption of zero twisting curvature is more valid 
in anti or non-symmetric laminates. This was assessed through comparison of a [45/-45]2 and 
[45/-45]4 laminated cylinders, as shown in Figure 26.   
 
 
 
 
 
 
 
 
 
 
 
Figure 26. Correlation coefficients for [45/-45]2 and [45/-45]4 laminated cylinders 
As seen, the correlation coefficients are closer to 1.0 for an eight ply laminate (k = 8) than for 
a 4 ply laminate (k = 4) due to greater overall stiffness. However, as the laminate thickness 
continues to increase the assumption of plane stress and adherence to Kirchoff-Love theory 
reduces. These conflicting constraints indicate the existence of a multi-variate optimisation 
problem that will be investigated throughout the remainder of the project. In order to check the 
CLT code and ensure transformation matrices were correct, Qij stiffness variations with winding 
angle were plotted, as shown in Figure 27. The stiffness trends were compared against 
numerous literature sources and exhibited the correct transformation behaviour. The stiffness 
plotting module is included as a solution option in the CLT code.  
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Figure 27. Variation of stiffness terms with winding angle 
3.3 FILAMENT WINDING VISUALISATION AND MANUFACTURING TOOL  
Whilst the selection of a filament winding pattern and corresponding laminate structure are at 
the discretion of the designer, determination of the necessary winding parameters to achieve 
surface coverage and the expected winding pattern is a mathematically complex and laborious 
process. The available filament winding patterns are dependent on numerous factors including 
the fibre bandwidth, mandrel radius (which changes as lamina are wound), fibre wind angle and 
mandrel length, all of which cooperatively characterise unique fibre trajectories. In order to 
streamline the manufacturing process of axisymmetric composite structures and provide a tool 
for estimating fibre/resin usage, a filament winding pattern and fibre trajectory calculation tool 
was developed in Python 2.7. The required user inputs of the trajectory code are specified in 
Table 7.  
Table 7 
Trajectory code inputs 
Input Details 
L Desired length of the filament wound cylinder (m) 
bw Bandwidth of the unidirectional fibre to be wound (m) 
R Mandrel radius (m)* 
NP Desired filament winding pattern (2,4 or 8 pattern) 
θ Winding angle (°) 
ntol Tolerance value defining desired surface coverage accuracy 
unitR Resin cost per unit mass ($/kg) 
unitF Fibre cost per unit length ($/m) 
*The mandrel radius is automatically corrected to include the previously wound layer when determining winding 
patterns for multi-ply laminates.  
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By implementing an iterative solution scheme, the trajectory code calculates the required dwell 
angle, number of circuits, corrected fibre bandwidth (including resin) in order to achieve surface 
coverage for the desired order winding pattern (NP). Dwell angle constraints between 0° and 
180° were applied to prevent duplication of filament winding patterns with improper dwell 
angles leading to fibre wastage or fibre slippage. The developed module determines all suitable 
winding patterns based on the user inputs and a specified winding tolerance. Larger tolerances 
yield a greater number of suitable winding patterns at the expense of winding accuracy. Finer 
tolerances yields fewer winding patterns with improved accuracy, or if no suitable pattern 
exists, returns a null list of solutions. Extensive usage of the code has indicated the code 
iteration mechanism and results are most robust with tolerance values in the range of 0.02-0.05 
as it prevents winding patterns with erroneous or additional fibre paths.  Table 8 summarises 
filament winding characteristics for several common filament winding patterns generated by 
the code for surface coverage winding of 5 mm wide unidirectional carbon fibre tow (such as 
Toray T700s) over a 100 mm diameter mandrel.  
Table 8 
Common filament winding pattern parameters determined from internal 
Fibre Pattern (NP) Wind Angle (°) Radius – r (m) Dwell Angle (°) 
Number of 
circuits (Nc) 
4 45.0 0.050 103.50 44 
4 60.0 0.050 44.1 31 
8 45.0 0.050 35.1 44 
8 60.0 0.050 43.1 31 
 
As the filament winding pattern (NP) increases, the number of valid fibre trajectories increases 
significantly. With increasing NP, the number of circuits per pattern increases, yielding greater 
freedom in the selection of the dwell angle; reduction of the fibre bandwidth has the same effect 
on the number of patterns. In order to prevent an excessive number of winding patterns, an 
optimisation scheme was developed in order to minimise fibre usage by automatically selecting 
the winding pattern with the smallest total fibre length (equivalent to the winding pattern with 
the smallest dwell angle). Given the susceptibility to fibre-slippage in the dwell regions of 
filament wound composites, a minimum dwell angle of 25° was specified. The winding 
characteristics of the optimal filament winding pattern are then subsequently converted to the 
required fibre trajectories in a global x-y-z coordinate system (reference frame per Figure 28). 
Utilising the specified winding angle and mandrel radius, the winding pitch is calculated and a 
helical path is generated. The dwell fibre paths are calculated at the end of each stroke by 
logging the coordinates of each point in the global coordinate system. Two fibre strokes and 
two dwells are then assembled to define the initial winding circuit, with a solver determining 
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the coordinates of each subsequent circuit based on the wind angle, dwell angle and coordinates 
of previously wound fibres. Coordinates are cross-referenced to existing wound points in order 
to ensure appropriate winding coverage and identify possible issues in the filament winding 
pattern, such as additional fibre circuits. Surface coverage is ensured by matching the 
coordinates of the wind start point and coordinates of the fibre tow at the completion of the last 
circuit. The coordinates of each circuit and dwell that comprises the full fibre trajectory are then 
output as a 4D array.  
 
 
 
 
 
 
Figure 28. Winding trajectory coordinate system 
In addition to determining the appropriate winding parameters and calculating the fibre 
trajectories, a 3D visualisation environment was developed in Python 2.7 in order to graphically 
validate filament winding patterns, surface coverage and identify possible manufacturing issues 
with the specified winding pattern. The visualisation environment graphically traces each 
positive fibre stroke and dwell in red and each counter stroke/dwell in black, in order to visualise 
the alternating mosaic pattern. Figure 29 displays plots for two pattern (NP = 2) and four pattern 
(NP = 4) helically wound cylinders.  
 
 
Figure 29. Graphical visualisation of FWP2 (left) and FWP4 (right)  
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Given that the majority of filament wound components are multi-layered laminates, a 
visualisation environment for multi-layered cylinders was developed and allows for the 
interaction of fibre mosaic patterns between plies to be identified. This functionality is 
implemented in a graphical user interface and allows the designer to visualise the mosaic 
patterns in each layer of the laminate. The laminate plotting environment automatically 
recalculates the filament winding trajectories to account for the increase in mandrel radius 
associated with previously wound lamina, ensuring surface coverage. In addition to providing 
a 3D visualisation environment, the developed multi-layered filament winding module 
generates machine code coordinates in a 4D array for any user defined filament winding pattern 
(as shown below), which is accessible via the command line or operating system shell to be 
imported into an existing motor controller or software (such as LabVIEW ®).  
𝐺𝐶𝑜𝑑𝑒 = [
𝑋1 𝑌1 𝑍1 𝑉1
𝑋2 𝑌2 𝑍2 𝑉2
⋮ ⋮ ⋮ ⋮
] 
The  velocity terms (Vn) at each step are based on a simple linear scaling between each dwell 
region (as in Figure 30), and as such an optimisation algorithm utilising stepper motor feedback 
and fibre slippage data presents an opportunity for future work in minimising manufacturing 
times.  
 
 
 
 
 
 
 
 
 
Figure 30. Standard velocity profile  
Using the G-code and fibre trajectories, the cost of the filament wound cylinder is estimated 
based on the total fibre length (calculated internally) and user inputs of the expected fibre 
volume fraction and unit costs of the fibre and resin. This combined cost and manufacturing 
time optimisation is of direct relevance to industrial applications, and demonstrates one of the 
highly beneficial characteristics of the integrated design, manufacturing and analysis tool. As 
UHTC components are manufactured from a composite preform, the developed winding 
module is directly applicable to the manufacture of an axisymmetric structure such as a scramjet 
combustor.  
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3.4 IN-PLANE FIBRE WAVINESS MODULE  
In-plane fibre waviness is an inherent manufacturing defect associated with filament winding, 
and as such quantification of in-plane effects is essential. A fibre waviness model was 
developed in Python 2.7 based on the work of Hsiao and Daniel (1996) to determine the effect 
of uniform and localised waviness on in-plane elastic properties for a transversely isotropic 
material, such as those in filament winding [43]. Assuming CLT is applicable throughout the 
laminate, the lamina with in-plane fibre waviness is modelled as a sine curve and discretised 
into dx segments. The angle offset of the fibre (ω) is calculated based on the geometry of the 
waveform, mathematically expressed as,  
𝜔(𝑥′) = 𝐴 sin (
2𝜋𝑥
𝐿
) 
𝜔 = tan−1 (
2𝜋𝐴
𝐿
cos (2
𝜋𝑥
𝐿
)) 
The lamina is modelled as a unidirectional, transversely isotropic lamina (1-2-3 coordinate 
system) with a stiffness matrix rotated at each discrete segment about the z-axis by ω. The 
resulting transformed stiffness matrix values are integrated over the wavelength of the in-plane 
movement in order to determine average stiffness values in the x-y-z coordinate system.  
[𝐶]𝑥𝑦𝑧 = [𝑇𝜔]
−1[𝐶]123[𝑇𝜔] 
𝐶𝑖𝑗̅̅̅̅ =
1
𝐿
∫ 𝐶𝑖𝑗  𝑑𝑥
𝐿
0
=
1
𝐿
∑𝐶𝑖𝑗  𝑑𝑥
𝑛
𝑖=1
 
These stiffnesses are then used in the calculation of the effective elastic properties of the wavy 
lamina. The model utilises user defined inputs, including elastic properties (E1, E2, G12, ν12 and 
ν23) and an amplitude/wavelength ratio. A higher amplitude/wavelength ratio indicates a steeper 
in-plane movement and greater misalignment of the fibres. Fibre waviness in filament winding 
may be modelled as either a uniform waveform with a small undulation amplitude, or, as a 
series of localised undulations with a larger amplitude/wavelength ratio. In the case of localised 
undulations, the stiffness values associated with fibre waviness are volume averaged with the 
bulk non-wavy lamina to give an average stiffness. Waveform amplitudes for uniform and 
localised waviness for several common filament winding patterns are summarised in Table 9. 
Undulation amplitudes are dependent on fibre tow thickness, filament winding pattern, mandrel 
radius, winding angle and laminate structure. As such, amplitudes specified in Table 9 are 
generally calculated on a single thickness lateral deviation per circumferential undulation band, 
with a wavelength of approximately 6hf to 8hf, where hf is the fibre thickness. The physical in-
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plane waviness is generally coupled with a localised out-of-plane undulation, causing the fibre 
to deviate from the geodesic path in two planes. This is further examined in Section 3.6.5.  
Table 9 
Undulation amplitudes for common filament winding patterns (t = 0.0005 m, R = 0.050 m) 
Fibre 
Pattern (NP) 
Wind Angle 
(°) 
Wavelength 
(m) 
AL Ratio 
(uniform) 
AL Ratio 
(localised) 
Undulation volume 
fraction (localised) 
4 45.0 0.0393 0.0127 0.0254 0.50* 
4 60.0 0.0227 0.0221 0.0441 0.50* 
8 45.0 0.0196 0.0254 0.0509 0.50* 
8 60.0 0.0113 0.0441 0.0882 0.50* 
*Assuming localised waviness remains sinusoidal.  
 
A comparison of longitudinal stiffness (E1) and amplitude/wavelength ratio for uniform and 
localised waviness using the developed model is shown in Figure 31 for a UD composite lamina 
with E1 = 125.8 GPa, E2 = 11.20 GPa, G12 = 6.282 GPa, ν12 = 0.275 and ν23 = 0.426. ANSYS 
results from a parametric assessment of uniform fibre waviness conducted by Karami et al 
(2004) are plotted for comparison [24].   
Figure 31. Variation of uniform, localised and ANSYS FEA E1 values with varying amplitude/wavelength ratio 
 
Figure 31 graphically displays the strong correlation between the developed numerical model 
and the FEA results of an RVE with in-plane waviness. The localised waviness model shows a 
slower decay rate in E1 due to the volume averaging process. However, two potential cases exist 
for localised in-plane waviness:  
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a) The localised waviness is of equal amplitude/wavelength ratio as a uniformly wavy area, 
in which case Figure 31 is an accurate representation.  
b) The localised waviness is of greater amplitude/wavelength ratio due to shortening of the 
waveform and thus the localised elastic property reduction is more severe than uniform 
waviness. 
The effect of Case b) is summarised in Table 10 for a 50% wavy volume with materials 
properties in accordance with Figure 31. The shortening of the undulation wavelength by 50% 
due to an undulated volume of 50% increases the severity of the average elasticity reduction.  
Table 10 
E1 estimates for filament winding patterns 
Fibre Pattern 
(NP) 
Wind Angle 
(°) 
Undulation volume 
fraction (localised) 
E1 – Uniform (GPa) E1 – Localised (GPa 
4 45.0 0.50* 119.21 113.5 
4 60.0 0.50* 107.97 96.02 
8 45.0 0.50* 103.39 89.65 
8 60.0 0.50* 77.64 62.48 
 
Due to the steeper waveform, the in-plane fibre misalignment more severely reduces the 
effective stiffness. However, with increasing amplitude/wavelength ratio the assumption of a 
perfect fibre-matrix interface is less valid and thus model accuracy is expected to diminish. The 
sensitivity of shear modulus (G12) and major Poisson’s ratio (ν12) to in-plane waviness is shown 
in Figure 32. E2 showed negligible sensitivity to changes in the in-plane undulation amplitude.  
 
 
Figure 32. G12 and ν12 sensitivity to undulation amplitude  
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From Figure 32 it can be noted that the sensitivity of ν12 to undulation amplitude is very low, 
and is most likely negligible. G12 shows more marked change in comparison to ν12, however 
this difference is still significantly less than E1.  
 
In the case of UHTCs such as C/C and C/C-SiC CMCs, the matrix and fibre are of more 
similar stiffness and the impact of fibre waviness is expected to be less severe. The elastic 
properties of CMCs are highly dependent on the matrix precursor and post-pyrolysis density, 
and as such experimental data for a C/C-SiC UD composite per Glass and Capriotti (2015) is 
used for analysis rather than micromechanics derived results, as summarised in Table 11[5].    
Table 11 
Mechanical properties of DLR C/C-SiC UD composite laminate [5] 
E1 (GPa) E2 (GPa) G12 (GPa) G23 (GPa) ν12 ν23 
60.0 20.0 8.8 8.9 0.032 0.032 
 
Stiffness reduction due to fibre waviness in CFRP and C/C-SiC composites are compared in 
Figure 33. It can be noted that C/C-SiC exhibits significantly less reduction in E1 due to the 
higher transverse stiffness.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Comparison of CFRP and C/C-SiC uniform undulation stiffness reduction 
However, the validity of this behaviour is questionable due to the poor fibre-matrix interface in 
CMCs and the lack of experimental and modelling data for validation. Glass and Capriotti 
(2015) did not elaborate on the nature of the fibre-matrix interface of the C/C-SiC composite 
developed, thus reducing the credibility of the estimated elastic properties further. The effective 
stiffnesses calculated by the waviness model are then utilised as the constituent properties for 
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each unidirectional lamina comprising a laminate of arbitrary size and thickness, such as a 
filament wound scramjet combustor.    
 
3.5 OUT-OF-PLANE UNDULATION 
In addition to in-plane fibre waviness, filament wound composites exhibit out-of-plane fibre 
undulation as a result of the helical winding process. In order to account for the reduction in 
stiffness associated with an out-of plane rotation, a module has been developed based on the 
analysis and works of Bogetti (1992) [39]. The variation in stiffness is determined by 
discretising the assumed sinusoidal out-of-plane waveform in the longitudinal direction and 
applying CLT to each discrete off-axis element. The model is reliant on the undulation 
amplitude/wavelength ratio, fibre thickness and lamina elastic properties (detailed in Table 12) 
as provided by the user.   
Table 12 
User inputs for out-of-plane undulation module 
Input Variable 
E1, E2, G12, G23, ν12 & ν23 Elastic properties of base lamina prior to undulation (GPa) 
hf Fibre thickness (m) 
AL Ratio Ratio of undulation amplitude to undulation wavelength  
 
Bogetti’s model was adapted for use in the analysis of filament wound composites by reducing 
the laminate arrangement from a three ply orthogonal arrangement to two plies, and modifying 
the mathematical description of the undulated ply. The upper and lower limits of the undulated 
ply are mathematically prescribed as a function of x,  
ℎ2(𝑥) = −
ℎ𝑓
2
+ sin (
𝜋
𝐿
(𝑥 −
𝐿
2
)) 
ℎ3(𝑥) =
ℎ𝑓
2
+ sin (
𝜋
𝐿
(𝑥 −
𝐿
2
)) 
The out-of-plane undulation angle and resulting modified elastic engineering constants are 
calculated as follows for an orthotropic unidirectional lamina.   
𝜑(𝑥) = tan−1 (
𝑑(ℎ2(𝑥))
𝑑𝑥
) 
𝐸𝑥(𝜑) = [
𝑚4
𝐸1
+ (
1
𝐺12
−
2𝜐12
𝐸2
)𝑚2𝑛2 +
𝑛4
𝐸2
]
−1
 
𝐸𝑦(𝜑) = 𝐸2 
𝜈𝑥𝑦(𝜑) = 𝐸𝑥(𝜑) [
𝑚2𝜐12
𝐸1
+
𝜈23𝑛
2
𝐸2
] 
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𝐺𝑥𝑦(𝜑) = [
𝑛2
𝐺23
+
𝑚2
𝐺12
]
−1
 
𝑚 = cos 𝜃 
𝑛 = sin 𝜃 
 
CLT is subsequently applied at each discrete segment, with the aij, bij and dij matrices calculated. 
Due to the axisymmetric nature of the geometry, a local warping constraint is applied to the aij 
compliance matrix based on the works of Bogetti (1992) and Jensen and Pai (1993).  
𝑎𝑖𝑗
∗ = [𝑎𝑖𝑗 − 𝑏𝑖𝑗𝑑𝑖𝑗
−1𝑏𝑖𝑗] 
The average in-plane stiffnesses are then determined by integrating along the waveform,  
𝑎𝑖𝑗
∗∗ =
1
𝐿
∫ 𝑎𝑖𝑗
∗ (𝑥)𝑑𝑥
𝐿
0
 
With the effective elastic consants determined as a function of the averaged aij
** compliances.  
The in-plane stresses for each ply are subsequently calculated using standard CLT stress-strain 
relations. Due to the out-of-plane undulation, the ply contains stress components in the 1, 2 and 
3 principal material directions, however the plane-stress assumption of CLT reduces this 
analysis to strictly in-plane stresses. As a result of the assumed ply orthogonality, two-ply 
laminate arrangement and plane stress state, the discretisation scheme is applied solely to the 
undulated ply in order to calculate equivalent reduced stiffness terms (Qij), which are then 
utilised in a CLT to analyse the non-symmetric laminate. This simplification is graphically 
shown in Figure 34.  
Figure 34. Undulated ply (left) and reduced equivalent ply (right)  
 
Thus, the analytical undulation model developed herein serves as a first approximation of the 
stiffness reduction associated with out-of-plane behaviour as it does not appropriately account 
for the changing ply orientation (+θ to –θ transition). Figure 35 graphically displays a plot of 
reduced stiffness term (Qij) variation in an undulated 2-ply [+72.66/-72.66] laminate with a 
fibre thickness of 0.12mm, undulation amplitude of 0.24mm, amplitude-wavelength ratio of 
0.125 and elastic properties specified in Table 13. 
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Table 13 
Elastic properties of modelled UD composite lamina [50] 
E1 (GPa) E2 (GPa) ν12 ν23 G12 (GPa) G23 (GPa) 
122.34 7.78 0.27 0.42 5.0 3.08 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35. Variation of stiffness terms along wavelength for out-of-plane undulation 
 
The resulting stiffness reduction is most severe at the centre of the undulating waveform due to 
the most severe misalignment of the fibres. With increasing undulation-wavelength amplitude, 
the variation in stiffness across the waveform is similarly more severe. Due to the high winding 
angle, Q22 is more indicative of E1 variation than Q11, evidenced by the marked reduction from 
122.34 GPa to approximately 60 GPa. The accuracy of the stiffness and stress/strain predictions 
is dependent on the discretisation of the longitudinal fibre axis (x). Given the low computational 
cost of the undulation model, 100 discretisation intervals is utilised for all wavelengths.  For 
amplitude-wavelength ratios in excess of 0.5, an internal algorithm automatically refines the 
discretisation scheme to ensure the variation in angle between points is below a defined 
threshold value (arbitrarily set as 0.2°).  
 
Post-coding and analysis it was determined that the reduction scheme and assumption of ply 
orthogonality led to erroneous stiffness contributions from the out-of-plane undulation in all 
configurations other than balanced ±45° or cross-ply laminates, and that the modifications 
implemented to account for this error were insufficient. Additionally, it was deemed that the 
modified Bogetti module was incapable of accounting for the antisymmetry of the filament 
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wound laminate nor the alternating nature of the undulation geometry in adjacent mosaic 
regions. The module was not appropriately equipped to model the localised nature of the 
undulation or the differing geometries of circumferential and helical undulation as it was 
derived from a composite fabric analysis methodology; mosaic regions consist of laminate 
regions and localised undulation regions, rather than a uniformly undulated ply (as in a fabric). 
Localisation of the stiffness reduction via volume averaging was ineffective in improving 
elastic property predictions.  
 
It was thus expected that property predictions for filament wound cylinders would be relatively 
unreliable and further analysis/modelling was conducted. Through modifications of the 
transformation matrices and a mathematical description of the different undulation cells in a 
fibre mosaic, a more accurate model was developed. Whilst not suitable for assessing 
undulation in filament wound composites, the developed Bogetti module (and corresponding 
code) would be highly effective in conducting a parametric study of elastic and energy 
absorption characteristics in undulated unidirectional composites due to its simplicity, low-
computational cost and ease of operation for undulated fibres with varying thickness, elastic 
properties and undulation amplitude-wavelength ratio. 
 
3.6 COMBINED MOSAIC AND UNDULATION MODULE 
In light of the errors identified in the Bogetti undulation model, a combined undulation and 
mosaic model was developed on the basis of works completed by Zindel and Bakis (2011) and 
Jensen and Pai (2002) [62]. Utilising multiple in-plane and out-of-plane rotations, the model 
calculates equivalent elastic properties for a representative unit volume of a single 
rhombohedral mosaic unit comprised of ±θ undulated lamina. Several localised x’-y’ coordinate 
systems are developed to define undulation subcells that independently characterise one of the 
four arrangements of helical or circumferential undulation in a balanced +θ/-θ laminate and to 
allow for transformation of the effective stiffness properties of the subcells to the global x-y 
coordinate system. Therefore, the representative mosaic is comprised of six separate elastic 
regions: A, B, C and D undulation regions and P1/P2 laminate regions, as shown in Figure 32. 
Two stages of discretisation are implemented to break the mosaic unit into the representative 
elastic regions and characterise the undulated waveform in each region. By assuming CLT is 
applicable at each dx segment of the discretised mosaic unit, as in Figure 37, effective elastic 
properties of each region are determined and then re-assembled to form an assemblage of elastic 
regions.  
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Figure 36. Stage 1 discretisation of mosaic unit into elastic regions (with local coordinate systems) [62] 
 
 
Figure 37. Stage 2 discretisation of undulated elastic regions (A, B, C and D) 
 
Theoretical uniaxial loads are then applied to each assemblage in order to determine the 
effective elastic response of the entire mosaic unit. Unlike the models of Zindel and 
Bakis/Jensen and Pai, the developed model is applicable to non-orthogonal fibre undulation for 
any arbitrary winding angle and with any mosaic geometry. Additionally, an altered version of 
the model to include the effects of in-plane fibre waviness has been developed in accordance 
with the hypothesis that previously wound fibres are subjected to transverse loads in the 
filament winding process leading to combined in-plane and out-of-plane fibre waviness. This 
‘transverse fibre drag’ hypothesis and the modified model is a unique and novel method to 
account for the effective anisotropy of filament wound materials, and is discussed in Section 
3.6.5.  
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A coded module has been developed based on the analytical model presented herein to calculate 
the effective elastic properties of a 2-ply filament wound mosaic region. The characteristics of 
the mosaic regions are assumed to be representative of the bulk cylinder and may then be 
implemented in previously developed modules to assess laminates comprised of multiple 
filament wound layers with varying winding characteristics. The user inputs for the coded 
module are detailed in Table 14. 
Table 14 
User inputs for mosaic code  
Input Variable 
E1, E2, ν12, ν23, G12, G23 
Elastic properties of unidirectional lamina (Pa or 
mm/mm) 
θ Winding angle (°) 
Hf Thickness of single lamina (incl. resin) 
AL Ratio Ratio of undulation amplitude to undulation wavelength 
R Mandrel radius (mm) 
NP 
Order of the filament winding pattern (i.e. NP = 2, 4, 
6…) 
 
3.6.1 Calculation of stiffness terms  
Whilst the model has the capacity to account for non-linear material behaviour, it is only 
implemented for linear elastic analysis in this investigation. The laminate subcells, P1 and P2, 
are calculated as +θ/-θ and –θ/+θ laminates utilising the three-dimensional stiffness matrix of a 
unidirectional orthotropic material in the principal coordinate system. Assuming plane stress, 
the stiffness matrix is reduced and transformed to the x-y coordinate system based on the 
winding angle in order to determine the corresponding reduced stiffness matrix (Qij). The Aij, 
Bij and Dij matrices are calculated and inverted in accordance with CLT (see Section 2.3.1) in 
order to determine the corresponding compliance matrices, [a,b,d]P1 and [a,b,d]P2. The effective 
elastic properties of the P1 and P2 laminate subcells (in x-y coordinate system) are then 
calculated using compliance matrix values (aij) and the total laminate thickness thickness (2hf).  
𝐸𝑥
𝑃1/𝑃2
=
1
2ℎ𝑓𝑎𝑥𝑥
, 𝐸𝑦
𝑃1/𝑃2
=
1
2ℎ𝑓𝑎𝑦𝑦
, 𝐺𝑥𝑦
𝑃1/𝑃2
=
1
2ℎ𝑓𝑎𝑠𝑠
, 𝜈𝑥𝑦
𝑃1/𝑃2
=
−𝑎𝑦𝑥
𝑎𝑥𝑥
 
The elastic properties of the P1 and P2 laminate subcells are then used in the assembly of the 
elastic mosaic assemblies. The effective elastic properties of four separate undulation subcells 
are calculated in order to account for localised changes in stiffness arising from out-of-plane 
undulation. The subcells represent different undulation configurations throughout the mosaic 
unit with differing local coordinate systems. Each local coordinate system consists of an x’-axis 
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oriented at angle α from the global x-axis, a y’-axis oriented with respect to the x-axis by θ, and 
an out-of-plane z’-axis. In order to account for non-orthogonal fibre crossing, off-axis fibres are 
oriented to the x’-axis by the angle ψ (adapted from Jensen and Pai) and the y’-axis is parallel 
to the fibre direction of the overlaying tows (depicted in grey) crossing the undulated tow 
(depicted in white). Table 15 describes the undulation geometry and transformation angles of 
each subcell, with coordinate systems of each subcell graphically shown in Figure 38.   
Table 15 
Undulation subcell characteristics  
Undulation Subcell Description ψ α 
A Helical undulation −(
𝜋
2
− 2𝜃) (
𝜋
2
+ 𝜃) 
B Helical undulation (
𝜋
2
− 2𝜃) (
𝜋
2
− 𝜃) 
C 
Circumferential 
undulation 
(
𝜋
2
− 2𝜃) −(
𝜋
2
+ 𝜃) 
D 
Circumferential 
undulation 
−(
𝜋
2
− 2𝜃) −(
𝜋
2
− 𝜃) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38. Coordinate systems for Subcell A (top left), B (top right), C, (bottom left) and D (bottom right) 
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Subcells A and B represent helical undulation where the white ply (undulating) is initially below 
the overlying +θ lamina and then undulates to the top, such that the +θ lamina is subducted. 
Subcells C and D represent the two form of circumferential undulation whereby one of the +θ 
or –θ direction lamina subduct the other at the centre of the mosaic unit. The definition of these 
subductions and the positive sense of the required transformations is dependent on the 
coordinate system. The positive and negative rotations with respects to the coordinate systems 
are summarised in Table 16.  
Table 16 
Rotations in coordinate systems 
Rotation ψ α 
Counter clock-wise (CCW) Positive (+) Positive (+) 
Clock-wise (CW) Negative (-) Negative (-) 
 
The geometry of the undulation unit cell is graphically shown in Figure 39, and consists of a 
single undulating –θ lamina oriented in the x’ direction (white), with +θ plies oriented to the 
local y’ axis (grey).  
 
 
 
 
 
 
 
 
Figure 39. Undulation geometry in the local coordinate system [62] 
 
The coordinates of the undulating ply centreline are mathematically prescribed by,  
ℎ(𝑥′) =
ℎ𝑓
2
cos (
𝜋𝑥′
𝐿𝑢
) 
where hf is the thickness of a single lamina and Lu is the undulation wavelength. The thickness 
(t) and bounding coordinates (h) of the plies are similarly developed as continuous functions of 
x’ in order to allow for discretisation of the wavelength and volume averaging in CLT by a 
numerical integration approach. These are expressed as,  
 
ℎ(𝑥′)𝑢𝑝𝑝𝑒𝑟 =
ℎ𝑓
2
cos (
𝜋𝑥′
𝐿𝑢
) +
ℎ𝑓
2
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ℎ(𝑥′)𝑙𝑜𝑤𝑒𝑟 =
ℎ𝑓
2
cos (
𝜋𝑥′
𝐿𝑢
) −
ℎ𝑓
2
 
ℎ(𝑥′)𝑡𝑜𝑝 = ℎ𝑓 
ℎ(𝑥′)𝑏𝑜𝑡𝑡𝑜𝑚 = −ℎ𝑓 
𝑡𝑢𝑛𝑑 = ℎ𝑓 
𝑡𝑡𝑜𝑝 = ℎ(𝑥
′)𝑡𝑜𝑝 − ℎ(𝑥
′)𝑢𝑝𝑝𝑒𝑟 
𝑡𝑏𝑜𝑡𝑡𝑜𝑚 = ℎ(𝑥
′)𝑙𝑜𝑤𝑒𝑟 − ℎ(𝑥
′)𝑏𝑜𝑡𝑡𝑜𝑚 
In each of the local coordinate systems, the stiffness terms of the top and bottom plies (oriented 
in the +θ direction) are projected to the global x-y coordinate system via tensor transformation 
of the full three dimensional stiffness matrix. The undulating centre ply and transverse top and 
bottom plies are assessed and transformed to the global x-y coordinate system independently. 
In a similar manner to the laminate subcells, the undulation subcells are modelled assuming a 
three-dimensional orthotropic stiffness matrix, as shown below.  
[𝐶]123 =
[
 
 
 
 
 
𝐶11 𝐶12 𝐶13 0 0 0
𝐶12 𝐶22 𝐶23 0 0 0
𝐶13 𝐶23 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶55 0
0 0 0 0 0 𝐶66]
 
 
 
 
 
 
 
The Cij stiffness terms are calculated via an inversion of the Sij compliance matrix in the 
principal materials coordinate system, or explicitly as, 
 
𝐶11 =
𝑆22𝑆33 − 𝑆23
2
𝑆𝑑𝑒𝑡
 
𝐶12 =
𝑆13𝑆23 − 𝑆12𝑆33
𝑆𝑑𝑒𝑡
 
𝐶13 =
𝑆12𝑆23 − 𝑆13𝑆22
𝑆𝑑𝑒𝑡
 
𝐶22 =
𝑆33𝑆11 − 𝑆13
2
𝑆𝑑𝑒𝑡
 
𝐶23 =
𝑆12𝑆13 − 𝑆23𝑆11
𝑆𝑑𝑒𝑡
 
𝐶33 =
𝑆11𝑆22 − 𝑆12
2
𝑆𝑑𝑒𝑡
 
𝐶44 =
1
𝑆44
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𝐶55 =
1
𝑆55
 
𝐶66 =
1
𝑆66
 
𝑆𝑑𝑒𝑡 = |
𝑆11 𝑆12 𝑆13
𝑆12 𝑆22 𝑆23
𝑆13 𝑆23 𝑆33
| 
 
The principal coordinate system is aligned with the x’-y’ local coordinate system for the top 
and bottom lamina.  In order to assess the elastic properties of the top and bottom plies, the [C] 
matrix is transformed about the out-of-plane z axis to the global x-y axes via the positive 
winding angle (θ). The tensor transformation matrices extrapolated from the works of Zindel 
and Bakis (2011) are detailed in full due to the lack of such transformations in literature [62]. 
Defining anti-clockwise as the positive in-plane transformation direction,  
[𝐶]𝑥𝑦𝑧 = [𝑇𝜃]
−1[𝐶]𝑥′𝑦′𝑧′[𝑇𝜃] 
[𝑇𝜃] =
[
 
 
 
 
 
𝑐2 𝑠2 0 0 0 2𝑐𝑠
𝑠2 𝑐2 0 0 0 −2𝑐𝑠
0 0 1 0 0 0
0 0 0 𝑐 𝑠 0
0 0 0 −𝑠 𝑐 0
−𝑐𝑠 𝑐𝑠 0 0 0 𝑐2 − 𝑠2]
 
 
 
 
 
 
𝑐 = cos 𝜃, 𝑠 = sin 𝜃 
where θ is the angle between the top/bottom lamina principal direction (1) and the global x-
axis. The resulting transformed stiffness matrix is reduced to a plane stress case via classical 
plate theory in order determine the reduced stiffness terms of the top/bottom lamina.  
𝑄𝑖𝑗 = 𝐶𝑖𝑗 −
𝐶𝑖3𝐶3𝑗
𝐶33
, 𝑖, 𝑗 = 1,2,6  
[𝑄]𝑡𝑜𝑝/𝑏𝑜𝑡𝑡𝑜𝑚 = [
𝑄11 𝑄12 𝑄16
𝑄12 𝑄22 𝑄26
𝑄16 𝑄26 𝑄66
] 
The reduced stiffness terms and thickness of the top and bottom plies are used in the calculation 
of laminate stiffness and coupling matrices via CLT at a later stage. In the developed code, the 
stiffness matrices, transformation matrices and reduced stiffness matrix are assembled based on 
user inputs of the filament winding angle and principal lamina elastic properties, where lamina 
properties are defined from literature/experimental data or determined analytically using the 
developed micromechanics module. The determination of the undulating lamina stiffness is 
more complex than that of the top/bottom lamina due to multiple in-plane and out-of-plane 
transformations of the elastic properties resulting in effective anisotropy of the material. The 
initial rotation consists of a transformation of the undulated out-of-plane off-axis lamina back 
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to the x’ axis (effectively flattening the undulation). The sinusoidal lamina is discretised into 
segments of length dx to allow for calculation of the undulation angle (ϕ) at points along the 
lamina i.e. lamina assessed in a piecewise manner. Mathematically this is expressed as, 
𝜑(𝑥′) = tan−1 (
𝜕ℎ(𝑥′)
𝜕𝑥
) 
𝜑(𝑥′) = tan−1 [
−ℎ𝑓
2
𝜋
𝐿𝑢
cos (
𝜋𝑥′
𝐿𝑢
)] 
Discretisation into large segments (dx > 0.1Lu) yields discontinuous and inaccurate behaviour, 
whereas excessively small discretisation segments (dx < 0.001Lu) reduces computational 
efficiency and increases solution time. In the coded module, an in-built function automatically 
optimises the discretisation scale by comparing the angle deviation between each dx segment 
and refining the scheme based on a user defined tolerance value (finer tolerance = more accurate 
solution). Given the relatively low computational expense of the model in general, the 
wavelength may conservatively discretised into segments of 0.005-0.01Lu without loss of 
efficiency. A separate out-of-plane transformation matrix (Tϕ) is calculated for each 
independent dx segment and applied to the three-dimensional stiffness matrix to determine the 
effective stiffnesses in the x*y’z’ local coordinate system.  
[𝐶]𝑥∗𝑦′𝑧′ = [𝑇𝜑]
−1
[𝐶]123[𝑇𝜑] 
[𝑇𝜑] =
[
 
 
 
 
 
𝑐2 0 𝑠2 0 2𝑐𝑠 0
0 1 0 0 0 0
𝑠2 0 𝑐2 0 −2𝑐𝑠 0
0 0 0 𝑐 0 −𝑠
−𝑐𝑠 0 𝑐𝑠 0 𝑐2 − 𝑠2 0
0 0 0 𝑠 0 𝑐 ]
 
 
 
 
 
 
𝑐 = cos𝜑, 𝑠 = sin𝜑 
An in-plane transformation (Tψ) is subsequently applied in order to orientate the principal fibre 
direction with the x’ axis for each dx segment in each subcell configuration due to the non-
orthogonal fibre overlap. For a discretisation scheme consisting of n segments, this requires the 
manipulation and formation of 4n sets of the entire calculation presented.  
 
[𝐶]𝑥′𝑦′𝑧′ = [𝑇𝜓]
−1
[𝐶]𝑥∗𝑦′𝑧′[𝑇𝜓] 
[𝑇𝜓] =
[
 
 
 
 
 
𝑐2 𝑠2 0 0 0 2𝑐𝑠
𝑠2 𝑐2 0 0 0 −2𝑐𝑠
0 0 1 0 0 0
0 0 0 𝑐 𝑠 0
0 0 0 −𝑠 𝑐 0
−𝑐𝑠 𝑐𝑠 0 0 0 𝑐2 − 𝑠2]
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𝑐 = cos𝜓, 𝑠 = sin𝜓 
Classical plate theory is then applied to each discretised segment to yield Qij terms in the x’-y’ 
coordinate system in a manner identical to that of the top/bottom lamina presented above. The 
reduced stiffness terms of the undulating lamina are then transformed via the x’ axis offset angle 
(α) to determine effective in-plane reduced stiffness in the global x-y coordinate system.  
[𝑄]𝑥𝑦𝑧
𝑢𝑛𝑑 = [𝑇𝛼]
−1[𝑄]𝑥′𝑦′𝑧′[𝑇𝛼] 
[𝑇𝛼] = [
𝑐2 𝑠2 2𝑐𝑠
𝑠2 𝑐2 −2𝑐𝑠
−𝑐𝑠 𝑐𝑠 𝑐2 − 𝑠2
] 
The reduced stiffness of the top/bottom lamina and the undulated lamina are combined using 
CLT in order to determine the elastic response of the entire undulation subcell. Aij, Bij and Dij 
matrices are calculated for each dx segment of the laminate (as shown below) and volume 
averaged over the wavelength in order to determine the representative averages for the each 
undulation subcell.  
𝐴𝑖𝑗
𝑑𝑥 = 𝑄𝑖𝑗
𝑢𝑛𝑑(ℎ(𝑥′)𝑢𝑝𝑝𝑒𝑟 − ℎ(𝑥
′)𝑙𝑜𝑤𝑒𝑟) + ⋯ 
𝐵𝑖𝑗
𝑑𝑥 =
1
2
𝑄𝑖𝑗
𝑢𝑛𝑑(ℎ(𝑥′)𝑢𝑝𝑝𝑒𝑟
2
− ℎ(𝑥′)𝑙𝑜𝑤𝑒𝑟
2
) +⋯ 
𝐷𝑖𝑗
𝑑𝑥 =
1
3
𝑄𝑖𝑗
𝑢𝑛𝑑(ℎ(𝑥′)𝑢𝑝𝑝𝑒𝑟
3
− ℎ(𝑥′)𝑙𝑜𝑤𝑒𝑟
3
) + ⋯ 
𝐴𝑖𝑗
𝐴,𝐵,𝐶,𝐷 =
1
𝐿𝑢
∑𝐴𝑖𝑗
𝑑𝑥 𝑑𝑥, 𝑖 = 1,2,6
𝑛
𝑖=1
 
𝐵𝑖𝑗
𝐴,𝐵,𝐶,𝐷 =
1
𝐿𝑢
∑𝐵𝑖𝑗
𝑑𝑥 𝑑𝑥, 𝑖 = 1,2,6
𝑛
𝑖=1
 
𝐷𝑖𝑗
𝐴,𝐵,𝐶,𝐷 =
1
𝐿𝑢
∑𝐷𝑖𝑗
𝑑𝑥 𝑑𝑥, 𝑖 = 1,2,6
𝑛
𝑖=1
 
The averaged Aij, Bij and Dij values are assembled to form the full 6x6 [ABD] matrix for each 
subcell and then inverted to yield the 6x6 [abd] compliance matrix. The effective elastic 
properties of the undulation subcell are then determined in an identical manner to that of the P1 
and P2 laminate regions. The elastic properties of the undulation (A, B, C and D) and laminate 
subcells (P1 and P2) are then assembled to form representations of the entire mosaic region 
based on the area fraction of each area.  
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3.6.2 Calculation of subcell areas 
In order to assemble the elastic units into a representative mosaic region, the respective areas 
of each undulated and non-undulated elastic unit is required. General functions for the area of 
each unit were developed based on characteristics of the winding patterns, including the 
winding angle (θ), mandrel radius (R) and the order of the filament winding pattern (NP). The 
variation of radius in structures with multiple filament wound layers is assumed to be 
sufficiently small that errors in the area calculation of each elastic region would be negligible. 
This approach is valid for thin-walled shell structures such as scramjet combustors. In the case 
of large diameter structures or structures with large thickness to radius ratios, the plane stress 
assumption in the developed model may be invalid but the influence of the mosaic units is less 
pertinent. In these situations an alternate methodology such as FEA is recommended.  
 
Applying trigonometric relations based on the winding angle, the respective areas and geometry 
of the unit cell may be determined. These geometric relations are shown in Figure 40, with the 
circumferential undulation region in black for reference.  
 
 
 
 
 
 
 
 
 
 
 
Figure 40. Geometry of one quarter of a mosaic element  
  
𝐿ℎ =
0.5𝑤
cos 𝜃
 
𝐿𝑣 = 0.5𝑤 tan 𝜃 
𝐴𝑅𝑉𝐸 =
𝑤2 tan 𝜃
2
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The geometry and area of the undulated regions are a function of the undulation wavelength 
(Lu), generally assumed to be in the range of approximately 6-8hf. Specific geometry may be 
determined from microphotographs or NDI techniques such as CT scanning.  
𝑤𝑢 = 𝐿𝑢 cos 𝜃 
ℎ𝑢 = 𝐿𝑢 sin 𝜃 
𝐴𝑒𝑥𝑐𝑒𝑠𝑠 =
𝑤𝑢ℎ𝑢
2
 
𝐴𝑢
𝐶𝐷 = 2𝑤𝑢𝐿𝑣 − 4𝐴𝑒𝑥𝑐𝑒𝑠𝑠 
The area of the A and B undulation zones are calculated as,  
𝐴𝐴 = 𝐴𝐵 = 𝐿𝑢𝐿ℎ =
0.5𝑤𝐿𝑢
cos 𝜃
 
Due to the overlap of the A, B and combined CD undulation zones at the corners of the mosaic 
region, the area of the P1 and P2 laminate regions must be corrected for this excess area.  
𝐴𝑃1 = (
𝑤 − 𝑤𝑢
2
)
2
tan 𝜃 
𝐴𝑃2 = 𝐴𝑃1 − 𝐴𝐴 − 𝐴𝐵 + 8𝐴𝑒𝑥𝑐𝑒𝑠𝑠 
 
3.6.3 Assembly of subcells and equivalent elastic properties  
The elastic properties determined for each subcell and the areas calculated above are 
subsequently assembled to form the full representative mosaic elements. The nature of the 
mosaic assembly is dependent on the winding angle; angles less than or greater than 45° utilise 
a different assembly of mosaic units, as shown in Figure 41.  
  
 
 
 
 
 
 
  
 
Figure 41. < 45° wind angle elastic assembly (left) and > 45° wind angle elastic assembly (right) 
 
Zindel and Bakis (2011) developed the assembly mathematics for a winding angle of less than 
45°, however Configuration 2 (> 45°) was never detailed. In light of this, the mathematics for 
both configurations was developed and implemented in the coded module. For the case of 
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uniaxial tension in the x-direction of Configuration 2, the A and B regions are in parallel with 
each other and in series with regions P1, CD and P2. Parallel configurations are assumed to 
exist in a state of isostrain, whereas series configurations exhibit isostress behaviour. In an 
approach analogous to modelling electrical circuits, the overall elastic properties of the cell are 
determined based on area and volume fractions (stiffness akin to resistances). The 
determination of overall elastic properties for Configuration 2 is detailed below in its entirety 
for the sake of clarity and due to its absence from literature.  
 
Assuming regions A and B are in a state of isostrain,  
𝜀𝑥
𝐴𝐵 = 𝜀𝑥
𝐴 = 𝜀𝑥
𝐵 
𝜎𝑥
𝐴𝐵 = 𝑉𝐴𝜎𝑥
𝐴 + 𝑉𝐵𝜎𝑥
𝐵 
where the area fractions (VA and VB) are calculated based on a ratio of the planar areas of the 
parallel regions.  
𝑉𝐴 =
𝐴𝐴
𝐴𝐴 + 𝐴𝐵
 
𝑉𝐵 =
𝐴𝐵
𝐴𝐴 + 𝐴𝐵
 
Implementing the uniaxial stress-strain relation for each region of the assembly,  
𝜎𝑥
𝐴,𝐵 = 𝐸𝑥
𝐴,𝐵𝜀𝑥
𝐴,𝐵
 
𝜎𝑥
𝐴𝐵 = (𝑉𝐴𝐸𝑥
𝐴 + 𝑉𝐵𝐸𝑥
𝐵)𝜀𝑥
𝐴𝐵 
∴ 𝐸𝑥
𝐴𝐵 = 𝑉𝐴𝐸𝑥
𝐴 + 𝑉𝐵𝐸𝑥
𝐵 
Regions P1 are P2 are considered homogenous and independent (no area/volume averaging), 
whereas CD, the combined circumferential undulation band consisting of the C and D 
undulation subcells, is calculated by assuming isostrain conditions.   
𝐸𝑥
𝐶𝐷 = 𝑉𝐶𝐸𝑥
𝐶 + 𝑉𝐷𝐸𝑥
𝐷; 𝑉𝐶 = 𝑉𝐷 = 0.5 
Regions P1, P2, CD and the combined AB regions are then considered to be in a state of 
isostress,  
𝜎𝑥 = 𝜎𝑥
𝑃1 = 𝜎𝑥
𝑃2 = 𝜎𝑥
𝐶𝐷 = 𝜎𝑥
𝐴𝐵 
and the strains in each segment are summed to obtain the global strain of the assemblage.  
𝜀𝑥 = 𝑉
𝑃1𝜀𝑥
𝑃1 + 𝑉𝑃2𝜀𝑥
𝑃2 + 𝑉𝐶𝐷𝜀𝑥
𝐶𝐷 + 𝑉𝐴𝐵𝜀𝑥
𝐴𝐵 
The volume fractions (VP1, VP2, VCD and VAB) are expressed as a function of each of the sub-
cell areas determined previously,  
𝑉𝑃1 =
𝐴𝑃1
𝐴𝑃1 + 𝐴𝑃2 + (𝐴𝐶 + 𝐴𝐷) + (𝐴𝐴 + 𝐴𝐵)
 
𝑉𝑃2 =
𝐴𝑃2
𝐴𝑃1 + 𝐴𝑃2 + (𝐴𝐶 + 𝐴𝐷) + (𝐴𝐴 + 𝐴𝐵)
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𝑉𝐶𝐷 =
(𝐴𝐶 + 𝐴𝐷)
𝐴𝑃1 + 𝐴𝑃2 + (𝐴𝐶 + 𝐴𝐷) + (𝐴𝐴 + 𝐴𝐵)
 
𝑉𝐴𝐵 =
(𝐴𝐴 + 𝐴𝐵)
𝐴𝑃1 + 𝐴𝑃2 + (𝐴𝐶 + 𝐴𝐷) + (𝐴𝐴 + 𝐴𝐵)
 
The strains in each independent sub-cell are then expressed using the standard uniaxial stress-
strain relation and rearranged to yield the equivalent elastic modulus in the x direction.   
𝜀𝑥
𝑃1,𝑃2,𝐶𝐷,𝐴𝐵 =
𝜎𝑥
𝑃1,𝑃2,𝐶𝐷,𝐴𝐵
𝐸𝑥
𝑃1,𝑃2,𝐶𝐷,𝐴𝐵 
𝜀𝑥 = 𝑉
𝑃1
𝜎𝑥
𝑃1
𝐸𝑥𝑃1
+ 𝑉𝑃2
𝜎𝑥
𝑃2
𝐸𝑥𝑃2
+ 𝑉𝐶𝐷
𝜎𝑥
𝐶𝐷
𝐸𝑥
𝐶𝐷 + 𝑉
𝐴𝐵
𝜎𝑥
𝐴𝐵
𝐸𝑥𝐴𝐵
 
𝜀𝑥 = (
𝑉𝑃1
𝐸𝑥𝑃1
+
𝑉𝑃2
𝐸𝑥𝑃2
+
𝑉𝐶𝐷
𝐸𝑥
𝐶𝐷 +
𝑉𝐴𝐵
𝐸𝑥𝐴𝐵
)𝜎𝑥 
𝐸𝑥 =
1
(
𝑉𝑃1
𝐸𝑥𝑃1
+
𝑉𝑃2
𝐸𝑥𝑃2
+
𝑉𝐶𝐷
𝐸𝑥
𝐶𝐷 +
𝑉𝐴𝐵
𝐸𝑥𝐴𝐵
)
 
∴ 𝐸𝑥 =
𝐸𝑥
𝑃1𝐸𝑥
𝑃2𝐸𝑥
𝐶𝐷𝐸𝑥
𝐴𝐵
𝑉𝑃1𝐸𝑥𝑃2𝐸𝑥
𝐶𝐷𝐸𝑥𝐴𝐵 + 𝑉𝑃2𝐸𝑥𝑃1𝐸𝑥
𝐶𝐷𝐸𝑥𝐴𝐵 + 𝑉𝐶𝐷𝐸𝑥𝑃1𝐸𝑥𝑃2𝐸𝑥𝐴𝐵 + 𝑉𝐴𝐵𝐸𝑥𝑃1𝐸𝑥𝑃2𝐸𝑥
𝐶𝐷 
Utilising a similar approach, the transverse modulus is determined by assuming that regions A 
and B are in series with respect to the loading direction,  
𝐸𝑦
𝐴𝐵 =
𝐸𝑦
𝐴𝐸𝑦
𝐵
𝑉𝐵𝐸𝑦𝐴 + 𝑉𝐴𝐸𝑦𝐵
 
𝐸𝑦
𝐶𝐷 =
𝐸𝑦
𝐶𝐸𝑦
𝐷
𝑉𝐶𝐸𝑦𝐷 + 𝑉𝐷𝐸𝑦
𝐶 
P1, P2, CD and AB are in a parallel configuration with respect to the transverse load direction 
and thus in a state of isostrain.  
𝐸𝑦 = 𝑉𝑃1𝐸𝑦
𝑃1 + 𝑉𝑃2𝐸𝑦
𝑃2 + 𝑉𝐶𝐷𝐸𝑦
𝐶𝐷 + 𝑉𝐴𝐵𝐸𝑦
𝐴𝐵 
The effective unit cell Poisson’s ratio is thus determined in a manner akin to the longitudinal 
modulus (using the same area and volume ratios),  
𝜈𝑥𝑦
𝐴𝐵 = 𝑉𝐴𝜈𝑥𝑦
𝐴 + 𝑉𝐵𝜈𝑥𝑦
𝐵  
𝜈𝑥𝑦
𝐶𝐷 = 𝑉𝐶𝜈𝑥𝑦
𝐶 + 𝑉𝐷𝜈𝑥𝑦
𝐷  
𝜈𝑥𝑦 =
𝜈𝑥𝑦
𝑃1𝜈𝑥𝑦
𝑃2𝜈𝑥𝑦
𝐶𝐷𝜈𝑥𝑦
𝐴𝐵
𝑉𝑃1𝜈𝑥𝑦𝑃2𝜈𝑥𝑦
𝐶𝐷𝜈𝑥𝑦𝐴𝐵 + 𝑉𝑃2𝜈𝑥𝑦𝑃1𝜈𝑥𝑦
𝐶𝐷𝜈𝑥𝑦𝐴𝐵 + 𝑉𝐶𝐷𝜈𝑥𝑦𝑃1𝜈𝑥𝑦𝑃2𝜈𝑥𝑦𝐴𝐵 + 𝑉𝐴𝐵𝜈𝑥𝑦𝑃1𝜈𝑥𝑦𝑃2𝜈𝑥𝑦
𝐶𝐷 
The shear moduli are calculated based on two different shear deformation modes, A and B, and 
are based on isostrain and isostress assumptions respectively. For Mode A shear, regions AB 
and CD are deemed to be in states of isostress and are calculated as,  
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𝐺𝑥𝑦
𝐴𝐵 =
𝐺𝑥𝑦
𝐴 𝐺𝑥𝑦
𝐵
𝑉𝐵𝐺𝑥𝑦𝐴 + 𝑉𝐴𝐺𝑥𝑦𝐵
 
𝐺𝑥𝑦
𝐶𝐷 =
𝐺𝑥𝑦
𝐶 𝐺𝑥𝑦
𝐷
𝑉𝐶𝐺𝑥𝑦𝐷 + 𝑉𝐷𝐺𝑥𝑦
𝐶  
𝐺𝑥𝑦
𝑀𝑜𝑑𝑒 𝐴 = 𝑉𝑃1𝐺𝑥𝑦
𝑃1 + 𝑉𝑃2𝐺𝑥𝑦
𝑃2 + 𝑉𝐶𝐷𝐺𝑥𝑦
𝐶𝐷 + 𝑉𝐴𝐵𝐺𝑥𝑦
𝐴𝐵 
For Mode B shear, regions AB and CD are assumed to be in a state of isostrain and are 
calculated as,  
𝐺𝑥𝑦
𝐴𝐵 = 𝑉𝐴𝐺𝑥𝑦
𝐴 + 𝑉𝐵𝐺𝑥𝑦
𝐵  
𝐺𝑥𝑦
𝐶𝐷 = 𝑉𝐶𝐺𝑥𝑦
𝐶 + 𝑉𝐷𝐺𝑥𝑦
𝐷  
𝐺𝑥𝑦
𝑀𝑜𝑑𝑒 𝐵 =
𝐺𝑥𝑦
𝑃1𝐺𝑥𝑦
𝑃2𝐺𝑥𝑦
𝐶𝐷𝐺𝑥𝑦
𝐴𝐵
𝑉𝑃1𝐺𝑥𝑦𝑃2𝐺𝑥𝑦
𝐶𝐷𝐺𝑥𝑦𝐴𝐵 + 𝑉𝑃2𝐺𝑥𝑦𝑃1𝐺𝑥𝑦
𝐶𝐷𝐺𝑥𝑦𝐴𝐵 + 𝑉𝐶𝐷𝐺𝑥𝑦𝑃1𝐺𝑥𝑦𝑃2𝐺𝑥𝑦𝐴𝐵 + 𝑉𝐴𝐵𝐺𝑥𝑦𝑃1𝐺𝑥𝑦𝑃2𝐺𝑥𝑦
𝐶𝐷 
 
The effective shear modulus is calculated as the average of Mode A and Mode B shear moduli,  
𝐺𝑥𝑦 =
𝐺𝑥𝑦
𝑀𝑜𝑑𝑒 𝐴 + 𝐺𝑥𝑦
𝑀𝑜𝑑𝑒 𝐵
2
 
The resulting elastic properties of the mosaic unit may then be used in the assessment of 
filament wound structures that contain more than one balanced antisymmetric layer.  
 
3.6.4 Model validity and parametric study  
This modelling approach, termed the ‘multi-uniaxial’ approach is an extension of fabric 
composite theory and, like all models, has certain advantages and disadvantages that alter its 
applicability and effectiveness. The model effectively localises the stiffness reduction 
associated with the undulation regions, however is incapable of predicting failure or localised 
effects less than the magnitude of the undulation wavelength due to the volume averaging 
approach. As such, the model is only an effective tool for predicting behaviour in the elastic 
region of the composite. Additionally, the applicability of these models is highly dependent on 
the nature of other manufacturing variables including the fibre-matrix interface. Thus, the 
general elements of the developed model would be applicable ultra-high temperature 
composites, such as C/C or C/C-SiC, however the specific reduction in stiffness associated with 
an out-of-plane orientation would need to be quantified both experimentally and numerically.  
 
Due to the area averaging approach of the undulation subcells, the effective elastic properties 
are primarily dependent on the ratio of the laminated regions to the undulated regions. With 
increasing order of the filament winding pattern (NP) or increasing undulation 
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wavelength/amplitude, it is expected that the total stiffness of the mosaic unit reduces due to a 
greater area fraction of undulation or more severe stiffness reduction associated with more 
aggressive undulation. Figure 42 graphically demonstrates the variation of longitudinal and 
transverse moduli in the undulation subcells with increasing filament winding pattern order for 
a 0° unidirectional filament wound carbon fibre-epoxy composite (properties detailed in Table 
13). Whilst the model has the potential for different undulation geometries in each subcell, in 
this instance each of the subcells are assumed to have the same undulation wavelength and 
geometry. Therefore the elastic property reductions are identical and only Subcell A is plotted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42. Variation of global Ex with varying undulation-amplitude ratio  
 
It can be seen that with increasing undulation-amplitude ratio, the longitudinal modulus 
decreases fairly consistently, however with less severe reduction in comparison to in-plane fibre 
waviness of the same magnitude. Transverse and shear moduli displayed relatively little 
sensitivity to changes in the undulation-amplitude ratio and are not plotted. For 
amplitude/wavelength ratios exceeding 0.35, it is expected that the out-of-plane undulation 
angle is sufficiently severe to invalidate the assumption of a strong fibre-matrix interface and 
linear elastic behaviour, and thus the model validity is questionable beyond undulation of this 
magnitude.   
 
With increasing filament winding pattern order, the effective undulated area in the unit cell 
increases. The effect of increasing filament winding pattern on the overall mosaic unit elastic 
properties of a ±72.66° and ±45° laminate is shown in Figure 43.   
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Figure 43. Elastic properties versus filament winding pattern order 
 
In the case of the ±72.66° laminate, Ey shows greater dependence on the filament winding 
pattern than Ex due to the high winding angle and relatively low dependence of E2 on the out-
of-plane undulation. In situations with winding angles close to 45°, Ex and Ey of the global 
mosaic unit exhibit comparable stiffness reductions that are less severe in comparison to that of 
high winding angles. This is seen in Figure 43 where Ex and Ey show identical dependence for 
a 45° winding angle with less severe stiffness reduction than Ey in a 72.66° laminate. Thus it is 
posed that for winding angles approaching 0° and 90°, Ex and Ey respectively display strong 
dependence on the filament winding pattern due to the alignment with the undulation sensitive 
E1 fibre direction.  
 
3.6.5 Combined in-plane and out-of-plane fibre undulation model 
A new combined model is presented herein in order to simultaneously characterise the influence 
of out-of-plane fibre undulation and in-plane fibre waviness. By combining the stiffness 
reductions associated with in-plane fibre waviness per the model of Section 3.4 and out-of-
plane effects in each undulation subcell of the current mosaic model, it is expected that a more 
accurate representation of the mosaic unit stiffness can be achieved. A simplified and full-form 
approach to the combined undulation-waviness model are presented below, and is believed to 
be a novel and unpublished approach to modelling filament wound composites.  
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The simplified approach requires the input of effective elastic properties determined from 
Section 3.4 as the constitutive elastic properties of the lamina in x’-y’ coordinate system. The 
three dimensional stiffness matrix [C] is calculated from wavelength averaged elastic properties 
of lamina with in-plane fibre waviness and the resulting modified stiffness matrix is 
implemented in the standard assembly calculations of the mosaic model. This calculation 
process is shown below.  
Figure 44. Combined model calculation flow-path  
A more accurate approach requires a full geometric description of both in-plane and out-of-
plane fibre waviness in the x’- y’ localised coordinate systems and discretisation into square 
elements in a method akin to FEA. By assuming that in-plane waviness arises from pinning of 
the tows at helical/circumferential undulations regions, the in-plane and out-of-plane waviness 
are coupled. This is termed the ‘fibre-pin-drag’ hypothesis and is graphically shown in Figure 
45. The hypothesis assumes that fibres are pinned at the undulation regions and are able to slip 
laterally in-plane in the laminate subcell regions (P1 and P2) where fibre tension in overlying 
fibres drags individual previously wound tows out-of-plane.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45. Pinning of fibres in undulation regions with fibre drag direction in laminate regions 
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Combined in-plane and out-of-plane movement in the undulation subcells can be visualised as 
a contour on the surface of a 3D cosine-sine plot running from the central peak to a negative 
peak, as shown by the series of arrows in Figure 46.    
 
 
 
 
 
 
 
 
 
Figure 46. Contour of combined in-plane and out-of-plane fibre movement  
 
Due to pinning of the in-plane waviness at undulation regions, the sinusoidal behaviour is 
assumed to be constant in the P1 and P2 elastic regions. Quantification of the magnitude and 
nature of such undulation would require microphotography, primarily in determining the length 
of waviness extending from the undulation regions. The localised in-plane waviness model in 
Section 3.4 would then be applied in determining the [C] matrix of the P1 and P2 regions. For 
the undulation subcells, in-plane waviness is quantified by discretisation of the sinusoidal 
waveform to determine localised deviations in the winding angle. These deviations in winding 
angle subsequently give rise to a changing ψ rotation angle along the length of the undulation. 
Thus a unique in-plane (ω) and out-of-plane (ϕ) transformation is required for each discretised 
region prior to calculation of the reduced stiffness values and transformation to the global x-y 
coordinate system. Mathematically this is expressed as,  
𝜔(𝑥′) = 𝐴 sin (
𝜋𝑥
𝐿
) 
𝜔 = tan−1 (
𝜋𝐴
𝐿
cos (
𝜋𝑥
𝐿
)) 
The localised winding angle is modified by the in-plane waviness to yield,  
𝜃𝑚𝑜𝑑 = 𝜃 ± 𝜔 
where the sign convention is defined by the geometry of the undulation subcell and the local 
coordinate system per Figure 38. Thus the local fibre stiffness matrix undergoes three 
transformations to x’-y’ coordinate system; the out-of-plane transformation by ϕ, the in-plane 
transformation by ω, and the non-orthogonality transformation by ψ. In matrix form this is 
expressed as,  
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[𝐶]𝑥′𝑦′𝑧′ = [𝑇𝜓]
−1
([𝑇𝜔]
−1 ([𝑇𝜑]
−1
[𝐶]123[𝑇𝜑]) [𝑇𝜔]) [𝑇𝜓] 
where [Tψ] and [Tϕ] are defined as in the mosaic model and [Tω] is defined as,  
[𝑇𝜔] =
[
 
 
 
 
 
𝑐2 0 𝑠2 0 2𝑐𝑠 0
0 1 0 0 0 0
𝑠2 0 𝑐2 0 −2𝑐𝑠 0
0 0 0 𝑐 0 −𝑠
−𝑐𝑠 0 𝑐𝑠 0 𝑐2 − 𝑠2 0
0 0 0 𝑠 0 𝑐 ]
 
 
 
 
 
 
𝑐 = cos𝜔, 𝑠 = sin𝜔 
The resulting reduced stiffness matrix in the local x’-y’ coordinate system is transformed to the 
global reference frame used in the calculation of the subcell elastic properties. Undulation-
waviness corrected subcells and waviness corrected laminate regions are subsequently 
assembled to form the representative mosaic unit. Due to time constraints and the inability to 
determine the nature of the in-plane fibre waviness, the combined model was not implemented 
or coded in full. Ideally, the model would be validated using a parametric FEA study and 
internal pressurisation of a filament wound specimen. It is essential to note the model is highly 
reliant on the assumption that rotations in-plane and out-of-plane do not influence the nature of 
the fibre-matrix interface, and as such the applicability to UHTCs would require further 
research.  
 
3.7 GRADED RESIN FRACTION MODULE  
In addition to the existence of fibre misalignment, it was assumed that the variation in fibre 
tension and overlying fibre pressure at undulation regions would yield differences in the fibre 
volume fraction across the mosaic region. It is hypothesised that with increasing fibre tension 
in the undulation regions, the fibre volume fraction similarly increases, whereas a lack of 
tension in the centre of laminate mosaic subcells (regions P1 and P2) leads to localised resin 
rich areas. A mathematical prescription of such resin gradients may be developed from 
microscopy images and then implemented in modifying the elastic properties of the constituent 
lamina comprising the laminate subcells. Given the small wavelength of the undulation regions, 
it is expected that resin variation is significantly less severe and considered near negligible. By 
applying a planar discretisation scheme equivalent to that in Section 3.6, effective elastic 
properties of the P1 and P2 laminate regions may be calculated by volume averaging. Thus a 
combination of the mosaic-undulation model and graded resin fraction model should yield the 
most accurate solution in determining the equivalent elastic properties of a filament wound 
balanced antisymmetric laminate. This combined graded resin-undulation-waviness model is 
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again a novel and seemingly unpublished approach to the determination of elastic properties of 
filament wound composites. Assuming a sinusoidal variation in resin content across the mosaic 
region, the volume fibre fraction may be mathematically expressed as,  
𝑉𝑓 = 𝑉𝑓
𝑢𝑛𝑑 − 𝑉𝐼 sin (
(2𝜋 cos 𝜃)
𝑤
𝑥1) 
where Vf
und is the fibre volume fraction in the undulation regions, θ is the winding angle, w is 
the circumferential undulation spacing, x1 is the length along the fibre in the principal fibre 
coordinate system and VI is the fibre variation intensity factor derived from microscopy or non-
destructive inspection techniques. The waveform is subsequently discretised and elastic 
properties in each dx interval scaled with respect to the volume fibre fraction by applying 
micromechanics techniques or experimental data. The resulting elastic properties are averaged 
by integrating the elastic properties over the wavelength. It is expected that the fibre volume 
fraction is more uniform with increasing filament winding pattern order due to the reduction in 
the size of the mosaic element. That is, lower order filament winding patterns would exhibit 
greater differential fibre content between the helical/circumferential undulation regions than a 
higher order pattern due to increased undulation spacing. Due to the lack of experimental data 
pertaining to the influence of fibre volume fraction on the elastic properties of the fibre and 
resin of interest, micromechanics equations would be required in the current investigation. 
Whilst a reasonable estimate of elastic properties, it is expected that inaccuracies in 
micromechanics predictions would outweigh any insight or benefit in modelling accuracy 
associated with a graded resin model, and as such it will not be validated.  This presents 
potential for future work.  
 
In terms of UHTCs, the graded resin volume model would be adapted to determine variations 
in the carbon yield and carbonised matrix density across each mosaic element in C/C and C/C-
SiC composites. Assuming sufficiently accurate micromechanics/elastic prediction models are 
available,  the discretisation approach would enable quantification of differences in local elastic 
properties in C/C-SiC allows arising from varying SiC content as shown in Figure 3.  
 
3.8 FAILURE ANALYSIS  
In order to conduct initial failure assessments and determine the required laminate thickness for 
specified loading conditions, a failure analysis module utilising the Maximum Stress Criterion 
(MSC) and Tsai-Wu failure envelope was developed. Based on user defined elastic properties 
and loads (as in CLT), the design safety factors for MSC and Tsai-Wu are calculated for each 
ply of the laminate. In order to visualise the location of ply stresses in the failure envelope, a 
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graphical representation of the MSC failure surface was developed, as shown in Figure 47. The 
development of a Tsai-Wu failure surface is an opportunity for future work.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 47. MSC failure surface with ply loads  
3.9 GRAPHICAL USER INTERFACE 
A graphical user interface (GUI) was developed in Python 2.7 in order to combine the 
aforementioned modules and provide a cohesive product for the design and analysis of 
axisymmetric filament wound structures. Utilising user inputs of elastic properties, laminate 
structure and applied loads, the interface outputs data and results pertinent to manufacturing 
and analysis including:  
 filament winding patterns and trajectories for each layer of the laminated structure; 
 estimated materials usage and total cost of the winding; 
 a graphical representation of the filament wound structure depicting each ±θ 
antisymmetric filament wound layer; 
 generation of the required machine code in order to manufacture the filament wound 
component (including velocity terms); 
 calculation of the stresses and strains at the top and bottom of each lamina comprising 
the laminate (in both global x-y-z coordinate system and fibre principal coordinate 
system); 
 determination of effective elastic properties of the full laminated structure;  
 estimation of failure loads, identification of the failure ply and a graphical representation 
of the Major Stress criterion and Tsai-Wu failure criterion envelopes; and 
 modification of stresses, strains, effective elastic property and failure estimates based 
on in-plane fibre waviness, out-of-plane fibre undulation and graded resin/fibre volume 
fraction.  
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A screenshot of the GUI is shown below.  
Figure 48. Graphical user interface (GUI)  
Export tools are included in the user interface to generate text files of the full CLT results and 
necessary manufacturing machine code. These are termed CLTData.txt and coordData.txt 
respectively.  
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4 SAMPLE MANUFACTURING AND TESTING  
Two separate methodologies were employed in the manufacture of flat coupon lamina 
specimens and full helically wound cylinders. The independent testing of both specimens 
allowed for characterisation of lamina-level constituent materials properties and manufacturing 
defects, and provided materials allowables data and insight for use in validation of the 
developed filament wound cylinder analysis models. 
  
4.1 COUPON SPECIMENS 
Flat coupon specimens were manufactured in order to determine the expected fibre volume 
fraction in filament wound cylinders and to quantify the expected elastic properties of single 
UD lamina. Specimens were manufactured from Toray T700s 12K unidirectional carbon fibre 
tow and Araldite GY191/Aradur 2961 (100:60 ratio) epoxy resin. In order to manufacture flat 
coupon specimens, a bespoke flat winding mandrel was manufactured (detailed in Section 
4.1.1). The winding variables utilised in manufacturing the coupon specimens are detailed in 
Table 17.  
Table 17 
Coupon specimen manufacturing variables 
Variable/Process Value 
Winding pitch (mm) 3.5 
Tow bandwidth under tension (mm) 3.5 
Tow thickness (mm) 0.12 
Estimated fibre tension (N) 50 
Curing temperature and time (°C/hrs) 80°C/2 hrs 
 
Flat coupon test specimens were manufactured in accordance with ASTM D3039M-08 – 
‘Standard Test Method for Tensile Properties of Polymer-Matrix Composite Materials’ [65]. A 
comparison of unidirectional coupon specimen geometry and the minimum required specimen 
size per ASTM D3039 is summarised in Table 18, with the expected geometry graphically 
detailed in Figure 49.  
Table 18 
Manufactured coupon size versus ASTM D3039 recommendations 
 Test specimen ASTM D3039 
Width (mm) 15.0 >15.0 
Overall Length (mm) 120 >110 
Thickness (mm) 1.2-2.0  >1.0 
Tab length* (mm) -  As needed 
*The tab length indicates a reinforced region to ensure successful introduction of force to the test specimen in 
the gripping region and prevent premature failure.  
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Whilst ASTM D3039 recommends tabbing and a specific geometry, composite standards are 
primarily recognised as guidelines for recommend practice with caveat clauses such as, “or 
other suitable method”, and thus tabbing was not utilised in order to minimise manufacturing 
time.  
 
 
  
 
  
 
Figure 49. Tabbed coupon geometry per ASTM D3039 
 
Coupon geometries specified in ASTM D3039 are applicable for 0° unidirectional specimens 
(for assessing E1 and Ftu), 90° unidirectional specimens (for assessing E2 and Ftu) and +45°/-
45° specimens (for assessing G12 and Fsu).  
4.1.1 Manufacturing and flat winding apparatus iteration 
A flat winding apparatus, termed the ‘winding loom’, was designed and manufactured to allow 
for filament winding of flat coupon specimens. The perimeter of the mandrel was reduced to an 
equivalent circumference in generating the filament winding pattern and fibres were wet wound 
over the flat loom to create unidirectional composite plates. Winding patterns were additionally 
selected to ensure a 180° dwell occurred in each stroke to assist in pinning of the fibre in the 
dwell region. Coupon specimens were to be cut from unidirectional plates formed between the 
two external cross-bars, however the initial design, as shown in Figure 50, exhibited fibre 
slippage and poor fibre tension in the plate region due to lack of control of fibre placement.  
 
 
 
 
 
 
 
 
 
Figure 50. Flat winding apparatus 
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The addition of 40 grit sandpaper to the outer shafts assisted in preventing fibre slippage and 
enabled winding of a 0° unidirectional sample with proper filament placement. Initial samples 
exhibited severe porosity and distinct striations in the 1-2 plane (as shown in Figure 51), most 
likely a result of ‘bunching’ of the fibre tows under tension. The ‘bunching’ theory was further 
validating by localised changes in plate thickness that arose due to insufficient flattening of the 
fibre tow that would normally be achieved when dragging the fibre laterally over a mandrel. 
Poor fibre flattening was made more severe by the use of an elliptical payout element and high 
winding pitch. Due to a reduction in the effective fibre bandwidth caused by ‘bunching’, the 
winding pitch was insufficient and led to the characteristic striations and porosity. A 
comparison of the expected and achieved fibre payout is graphically shown in Figure 52.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 51. Porosity in 1-2 plane (above) and well consolidated dwell region (below) 
 
 
 
 
 
 
 
 
Figure 52. Actual (left) versus expected (right) fibre placement  
Interestingly, samples showed excellent consolidation and resin infiltration in dwell regions 
with very little porosity and minimal surface striations, as seen in Figure 51. Thus it was 
determined that a lack of fibre pressure arising from zero curvature in the flat regions led to 
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poor consolidation. In order to assist in consolidation and flattening of the fibre tow, a backing 
plate was added to the winding loom, as shown in Figure 53. Due to the reduced effective 
bandwidth, the winding pitch was reduced from 3.5 mm to 3.0 mm and the number of fibre 
layers increased from 4-8 to increase fibre pressure from the tension and weight of overlying 
tows.  
 
 
 
 
 
 
 
 
 
 
Figure 53. Winding loom II (incl. backing plate) 
These modifications were effective in improving the consolidation of lower layers as fibre 
pressure was provided by the weight of the tow above. However the lack of fibre pressure in 
the upper layers resulted in fibre tows grouping together and sagging, which yielded increased 
porosity. Interestingly, the lowest layers of the flat wound lamina still exhibited elongated 
macroscopic lenticular pores orientated with the fibre winding direction (Figure 54).   
 
 
 
 
 
 
 
 
 
Figure 54. Macroscopic porosity of flat wound specimen (arrow indicates winding direction) 
As such, the lamina was not only a poor indicator of a filament wound constituent lamina, but 
exhibited full 3D anisotropy due to a porosity gradient. Upon inspection, the porosity was 
determined to be a result of several mechanisms, including:  
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 non-uniform fibre tow placement and fibre waviness arising from grouping of overlying 
fibre layers;  
 insufficient accommodation for a lack of tow flattening with reduced winding pitch 
(winding pitch needed to be less than 3.0 mm);  
 a lack of surface resin on backing plate; and  
 a lack of consolidation pressure from overlying fibre tows/layers or curvature.  
The lack of consolidation was most evident in a comparison of post-cured thickness of the flat 
segments (2.14 mm) and dwell regions (1.04 mm). Thus preliminary estimates indicate a void 
fraction of at least 50% in the flat segments. Due to constraints on available carbon fibre tow 
and epoxy resin, the samples with macroscopic porosity were used to determine elastic 
properties of the fibre-resin combination. Post winding, unidirectional specimens were sanded 
to remove the poorly consolidated upper tows and water jet cut to the required specimen size, 
as shown in Figure 55. Specimens were waterjet cut in both the 0° and 90° direction in order to 
test longitudinal and transverse properties. An alternate assessment method of arranging hoop 
wound unidirectional fibres and hot pressing in a [45/-45/-45/45] balanced symmetric laminate 
was considered, however the lack of accurate fibre tension and pressure precluded this method 
as an accurate assessment of filament wound composites. 
 
 
 
 
 
  
 
 
Figure 55. Water jet cut unidirectional specimens (E1) 
Undoubtedly these samples do not give a proper indication or replicate the actual elastic 
properties of a filament wound lamina due to differences in the fibre and void volume fractions, 
and the nature of the fibre-matrix interface in a highly porous composite. However, they do 
provide an insight into the influence of fibre pressure on consolidation in filament wound 
composites and the impact of macroscopic porosity on elastic properties. Empirical and 
literature data for Toray T700s carbon fibre-epoxy composites was used as a point of 
comparison for the experimental elastic properties of both the coupon and helically wound 
specimens (please refer to Section 4.2). In light of the poor performance of the winding loom, 
several revised mandrel designs were developed but not implemented in order to more 
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accurately manufacture a uniaxial specimen that replicates filament wound composite 
properties. In order to eliminate the porosity gradient, it is recommended that a compression 
plate be bolted to each external surface of the current winding loom after filament winding and 
prior to curing (as in Figure 56). Artificial fibre pressure would subsequently be applied through 
a series of compression springs or straps. This method is similar to that recommended by Peters 
(2010) in which fibres are wound and then cut from the mandrel and hot-pressed or autoclave 
processed, however the proposed method is superior as it retains fibre tension prior to pressing 
and thus is a more accurate representation of the state of a filament wound lamina [10].  
 
A new mandrel and pressurisation configuration was designed with the aim to closely emulate 
the fibre pressure and tension experienced when filament winding on axisymmetric mandrels 
with positive curvature (either elliptical or cylindrical). The apparatus is comprised of a 
hexagonal rotating mandrel and clamped aluminium collar to provide artificial fibre pressure, 
as shown in Figure 56. The artificial fibre pressure may also be achieved through a bladder and 
external shell arrangement (assuming cure temperatures are below 100 °C) and allows for 
tailorable pressure across the surface using a series of compression springs to accommodate for 
localised thickness variations. The increase frequency of edges, greater confining pressure and 
hexagonal cross-section ensure that fibre tension is constant through each coupon specimen and 
reduces the likelihood of porosity gradients and poor resin infiltration.  
 
 
 
 
 
 
 
 
 
 
Figure 56. Winding loom III (left) and hex-mandrel (right) 
4.1.2 Testing of unidirectional specimens  
Unidirectional specimens were tested with the aim of determining constituent lamina properties 
for use in CLT and elastic analysis of the helically wound cylinders. Elastic properties including 
E1, E2, ν12, ν21 and G12 are to be determined using analysis methods summarised in Table 19 
and or via back-calculation.   
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Table 19 
Constituent test types and relevant standards 
Elastic Property Test Method Relevant Standard 
E1 (longitudinal modulus) 
0° unidirectional tension test (coupon 
specimen) 
ASTM D3039M-08 
E2 (transverse modulus) 
90° unidirectional tension test (coupon 
specimen) or hoop wind tension  
ASTM D3039M-08 or  ASTM 
D5450M-93 
ν12 (major Poisson’s ratio) 
0° unidirectional tension test (coupon 
specimen) 
ASTM D3039M-08 
ν21 (minor Poisson’s ratio) 
90° unidirectional tension test (coupon 
specimen) or hoop wind tension 
ASTM D3039M-08 or ASTM 
D5450M-93 
 
Tensile testing of 0° unidirectional hoop wound coupon specimens was utilised in order to 
assess longitudinal modulus (E1) and major Poisson’s ratio (ν12) of a constituent lamina. 2D 
digital image correlation (DIC) coupled with a load cell and electromechanical test frame 
(Instron 5584 or similar) was implemented to determine full-field deformations. Deformations 
were post-processed to develop virtual strain gauge rosettes in the principal directions and yield 
the major Poisson’s ratio. In accordance with ASTM D3039M, samples were 160mm (L) x 
15mm (w) x 2mm (t) water jet rectangular coupons. A similar uniaxial tensile methodology was 
employed in the testing of 90° unidirectional hoop wound coupons for assessment of transverse 
modulus (E2) and minor Poisson’s ratio (ν21). Measurement characteristics for unidirectional 
specimens, including cross-head speed, DIC sampling frequency and expected failure loads 
based on literature strengths of Toray T700s fibre composite are summarised in Table 20.  
Table 20 
Unidirectional composite test characteristics 
Test Type Cross-head speed (mm/min) Sampling frequency (Hz) Expected failure load (N)* 
E1/ν12 2.0  > 2.0 76 500 
E2/ν21 2.0  > 2.0 4900 
*Expected failure load calculated assuming Vf = 60% and UTS of Toray T700s fibre.   
 
The dimensions of the manufactured coupon samples are summarised in Table 21. Specimen 
dimensions were measured using Vernier callipers at multiple locations and averaged along 
the length in order to account for localised thickness changes due to porosity and preparation.  
Table 21 
Coupon sample dimensions  
Specimen ID Length (mm) Width (mm) Mean thickness (mm) 
UD0-1 119.4 14.48 2.03 
UD0-2 119.6 14.55 1.98 
UD90-1 120.2 14.12 1.54 
UD90-2 120.1 14.24 1.74 
UD90-3 119.7 14.45 1.45 
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Table 22 summarises the failure load, failure stress and failure mode for each of the coupon 
samples in accordance with ASTM D3039.  
Table 22 
Coupon specimen failure details  
Specimen ID Failure load (N) Failure stress (MPa) Failure mode  
UD0-1 16 366.7 557.3 SGM 
UD0-2 16 060.1 535.3 SGM 
UD90-1 118.1 3.9 LAT 
UD90-2 198.5 8.0 LAT 
UD90-3 237.1 11.3 LGM 
* Gripping regions of the samples were wrapped in emery tape prior to tensile testing in order to prevent 
premature failure at the vice contact point. 
 
In each of the cases, the samples failed in a localised region of increased porosity. This 
equivalent reduction in cross-sectional area led to higher localised stresses and eventual failure. 
In the case of 0° UD samples, the alignment of porosity with the tensile plane (1 direction) 
resulted in a relatively homogeneous porosity distribution with respect to the loading direction. 
As such, UD0-1 and UD0-2 samples failed in the gage length as a splitting gage crack (SGM). 
These failures are graphically shown in Figure 57.  
 
 
 
 
 
 
 
 
 
Figure 57. SGM failure per ASTM D3039 (above) and SGM specimen failures (below) [65] 
In the case of 90° tensile specimens, the alignment of porosity transverse to the loading 
direction increased the likelihood of a near through-thickness void being present at some 
length along the specimen. As such, UD90-1, UD90-2 and UD90-3 failed as lateral grip 
(LAT) and lateral gage cracks (LGM), graphically depicted in Figure 58.  
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Figure 58. LAT and LGM failure modes of UD90 specimens [65] 
Video extensometer and 2D digital image correlation data was used in determining the elastic 
moduli and Poisson’s ratio of the unidirectional lamina. Stress-strain plots for the UD0 and 
UD90 samples are shown in Figures 59 and 60 respectively.  
 
Figure 59. UD0-1 and UD0-2 stress-strain plots  
The ‘jittering’ behaviour in Figure 59 is a result of using a digital video extensometer and image 
correlation system which does not provide the smooth stress-strain curve achieved via a strain 
gage or physical extensometer. The sudden steps in strain are a possible artefact of sample 
slippage in the emery tape and are not likely to be a result of independent fibre or matrix failure 
due to a consistent gradient in each of the step regions.  
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Figure 60. UD90-1, UD90-2 and UD90-3 stress-strain curves 
Young’s moduli were generally linear with relatively high correlation coefficients (in excess of 
98%). In the case of Figure 59, the video extensometer incorrectly measured the original strain 
due to movement of the sample within the crosshead, and as such was rezeroed at the linear 
elastic region yielding the large y-intercept values of 173.11 and 222.45 MPa respectively. For 
analytical purposes, these intercepts may be set to zero without loss of accuracy (equivalent to 
a vertical shift). In the calculation of Young’s moduli via regression, the full field cross-
sectional area was used and thus did not account for cross-sectional area reduction associated 
with porosity. Applied stresses were recalculated with the effective cross-sectional area in-lieu 
of the full-field area to account for porosity, with results summarised in Table 23.  
Table 23 
Standard and porosity normalised Young’s moduli for coupon specimens  
Specimen Approximate Porosity 
% * 
Standard Modulus 
(GPa) 
Corrected Modulus 
(GPa) 
UD0-1 12.0 106.97  121.5 
UD0-2 12.0 90.50 102.8 
UD90-1 51.4 1.80 3.70 
UD90-2 51.4 2.06 4.23  
UD90-3 51.4 2.16 4.44 
*Porosity values estimated from area processing of specimen cross-section in the gage length.  
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Mean moduli values are compared against literature values in Table 24 for Toray T700s and 
Toray #2510 epoxy resin. Due to the equivalence in elastic properties of most epoxy resins 
and the estimated experimental fibre volume fraction of approximately 50%, these literature 
values are a reasonable indicator of the expected elastic properties.  
Table 24 
Comparison of mean experimental and empirical moduli @ 54.4% Vf [66] 
 E1 (GPa) E2 (GPa) 
Experimental  112.15 4.12 
Literature 124.8  8.41 
 
E1 values show relatively strong agreement with literature values for a volume fibre fraction of 
54.4% (assuming the porosity normalisation is accurate). E2 values show significantly greater 
disparity, most probably arising from regions of higher porosity, a poor fibre-matrix interface 
or resin-rich regions. The failure loads/stresses were significantly lower than those predicted 
from literature data and the Major Stress failure criterion. The existence of lenticular voids 
significantly increases the number of internal stress-concentration sites and due to its elliptical 
geometry contributed to crack propagation. This hypothesis is supported by the splitting gage 
crack failure along an internal longitudinal void in both E1 samples. The existence of near 
through-thickness voids in E2 samples was expected to yield very low failure loads, as was 
observed. The major Poisson’s ratio was determining utilising 2D DIC data and full-field 
deformation measurements. DIC measurements are highly sensitive to the calibration and 
measuring volume, and as such measured values of ν12 are expected to deviate from literature 
and expected values. The calibration, measuring volume and strain field stages of the 2D DIC 
system are graphically shown in Figure 61.  
 
 
 
 
 
 
 
 
 
 
 
Figure 61. 2D DIC calibration (left), sample view (centre) and strain field (right) 
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Poisson’s ratio measurements from the 2D DIC were determined via virtual strain gauges in 
the principal 1-2 directions of the unidirectional coupon specimens. Strains were averaged in 
each direction at a range of loads in order to determine the experimental major Poisson’s 
ratio. Table 25 summarises the calculated Poisson’s ratios for each of the UD0 samples and a 
comparison to literature values.  
Table 25 
Comparison of experimental and literature Poisson’s ratio [NIAR, 2002] 
 Experimental  Literature (@ 54.4% Vf) 
UD0-1 0.32 0.309 
UD0-2 0.35 0.309 
 
ν21 values are subsequently calculated using the inverse relationship with the Young’s moduli,  
−𝜐21
𝐸1
=
−𝜐12
𝐸2
 
In addition to calculating Poisson’s ratio, DIC allows for visualisation of the failure mode in 
each sample. For the E2 samples, it is clearly evident that a region of porosity (blue region in 
gage length) causes an initial crack which propagates rapidly through the section width, as 
shown in Figure 62.  
 
 
 
 
  
 
 
 
 
 
 
Figure 62. Porosity induced crack propagation in E2 specimens 
A similar failure occurred for each of the E2 specimens. Failure in E1 specimens was not 
distinguishable in DIC images given the extended test time and relatively low DIC sampling 
rate. Due to inaccuracies associated with waterjet cutting a 45° specimen and limitations on the 
available winding angles, shear modulus (G12) values were back-calculated using CLT. Whilst 
flat wound specimens were effectively tested, the small sample size and severe porosity in E2 
samples resulted in a low degree of confidence in experimental values. For modelling of 
filament wound specimens, micromechanics equations were deemed to be more accurate and 
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were used in-lieu of the above experimental data. Whilst not critical to model validation, the 
manufacturing of flat-wound specimens was beneficial in identifying factors influencing the 
consolidation of fibre tows in filament winding which is a key consideration in the design of 
scramjet combustors and combustor mandrel design.  
 
4.2 CYLINDRICAL SPECIMENS  
Filament wound cylindrical specimens were manufactured to assess and validate the developed 
laminate analysis, fibre undulation and fibre mosaic models. 102 mm internal diameter (ID) 
helically wound cylinders were manufactured with a constant winding angle, varying filament 
winding patterns and differing spacing of the circumferential undulation bands, as summarised 
in Table 26.  
Table 26 
Filament winding patterns 
Length 
(mm) 
Pitch 
(mm) 
Wind 
Angle (°) 
Nc NP (No. Circuits 
per Layer) 
NL (No. Layers) Fibre Pattern 
Spacing (mm) 
200 100 72.66 32 2 16 25.0 
200 100 72.66 32 4 8 12.5 
200 100 72.66 32 6 5 8.3 
A winding angle of 72.66° degrees was implemented as it was the lowest angle to be feasibly 
manufactured in cylinders with a 200 mm length whilst ensuring an integer number of turns per 
length (Nc). The winding patterns were generated in the developed winding pattern code and 
manufactured using the existing LabVIEW winding pattern interface. Due to limitations in the 
winding pattern interface and implemented algorithms, dwell angles were limited to 360/n, 
where ‘n’ is an integer number of fibres. As such, the optimal generated winding patterns and 
those implemented in manufacturing were not identical.  
Table 27 
Comparison of optimal and implemented winding patterns 
ID 
Optimal Pattern Code (θ, L, r, Nc, θdwell, 
bw, NP) 
Implemented Pattern Code (θ, L, r, 
Nc, θdwell, bw, NP) 
HC-2 (72.66, 200, 51, 27.0, 93.97, 3.5, 2) (72.66, 200, 51, 30.0, 180, 3.5, 2) 
HC-4 (72.66, 200, 51, 27.0, 47.18, 3.75, 4) (72.66, 200, 51, 30.0, 90.0, 3.2, 4) 
HC-6 (72.66, 200, 51, 27.0, 61.49, 3.5, 8) (72.66, 200, 51, 30.0, 60.0, 3.5, 8) 
*The developed interface and models will replace the existing interface and enable winding of the optimal 
patterns at the conclusion of the investigation 
 
Deviations between the optimal and implemented winding patterns were accommodated by 
variations in resin volume fraction, the relatively small number winds per cylinder and fibre 
slippage at the dwell point. In each of the implemented winding patterns, 30 circuits rather than 
ideal 27 were used in order to account for ‘bunching’ of the fibre tow under tension, and to 
ensure full surface coverage in slippage regions about each dwell point. A graphical 
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representation of each filament winding pattern was generated in the ply visualisation module 
in order to validate patterns prior to manufacture (Figure 63).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 63. Filament winding patterns generated in ply visualisation module  
 
HC-2 and HC-4 implemented patterns correlated well with the optimal pattern and as such show 
excellent mosaic definition when plotted. The implemented HC-6 pattern appears to show 
irregular mosaics, however this is predominantly an artefact of the fibre bandwidth pixel size 
in the generated plotting tool and the comparable size of the mosaic regions and fibre bandwidth 
at high numbered filament winding patterns.   
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4.2.1 Manufacturing of cylindrical specimens  
Filament wound cylinders were manufactured from Toray T700s unidirectional carbon fibre 
and Araldite GY191/Aradur 2961 (100:60 ratio) epoxy resin, as in the unidirectional coupon 
testing. Prior to manufacturing with carbon fibre, each filament winding pattern was tested 
using 5.0 mm bandwidth unidirectional E-glass fibre and a scaled winding pattern in order to 
identify issues in the winding pattern or manufacturing process. Test windings exhibited severe 
fibre slippage in each of the dwell regions resulting in poor fibre tension, uneven surface 
coverage and grouping of the fibre tows. A lack of surface friction in the dwell regions 
prevented the fibre tow being fixed to the mandrel, thus causing the fibre to slip inward at dwell 
regions on the counterstroke of each winding circuit. Inverted tape was initially employed to 
provide an adherent surface in each dwell region, and whilst successful in eliminating fibre 
slippage (as shown in Figure 64), proved to inhibit removal of the wound cylinder from the 
mandrel.  
Figure 64. Comparison of cylinder surface coverage prior (left) and post addition adhesive (right) 
The reduction in fibre slippage yielded a more accurate representation of the idealised winding 
pattern, as indicated by distinct helical and circumferential crossover bands seen in Figure 64. 
Coarse sandpaper (40 grit) was used in lieu of adhesive tape to provide a higher coefficient of 
friction whilst enabling removal of the cylinder from the mandrel (shown in Figure 65). Marked 
improvement in the winding pattern accuracy was further attributed to an increase in fibre 
tension intended to remove excess resin from the wet fibre.   
 
 
  
 
 
 
Figure 65. Sandpaper region on winding mandrel (w/ carbon fibre winding) 
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Additional winding irregularities were a result of eccentric mandrel rotation caused by lateral 
and longitudinal vibration of the winding apparatus, leading to variations in the wind angle and 
position of the payout element. It was determined that eccentric mandrel rotation in multi-
layered filament wound cylinders had the potential to introduce significant in-plane fibre 
waviness and winding pattern irregularities. In light of this, the filament winding apparatus was 
modified to improve stiffness and reduce vibration of the vertical mandrel supports. Details of 
the modifications are summarised in Section 4.3.3.  
 
102mm OD aluminium winding mandrels were initially prepared by application of Loctite 
Frekote 710-NC mould release agent and wax in order to assist in removal of the wound 
cylinder after curing. Unidirectional carbon tow was wet wound over the winding mandrels and 
then in-situ cured at 90 °C for 15 minutes to ensure resin gelling prior to mandrel movement, 
as shown in Figure 66.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 66. Wet winding of unidirectional carbon fibre tow (w/ sandpaper end supports) 
The in-situ curing cycle mitigated the likelihood of post-wind fibre slippage or loss of tension 
and fibre pressure that would adversely affect the consolidation of the filament wound cylinder 
or introduce deleterious changes to the fibre placement. Excess resin was removed manually by 
applying pressure to the winding mandrel during the in-situ curing period with a flat edge and 
paintbrush. This assisted in providing uniform resin coverage and preventing resin rich regions 
near the dwell/sandpaper interface. Filament wound samples were then cured at 80 °C for a 
minimum of 1.5 hours, with additional curing requirements determined on a case-by-case basis. 
Samples were subsequently blast-chilled to shrink the mandrel and then mechanically removed 
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by pressing on the sandpaper reinforcement with a flat edge. It was noted that localised 
thickening at the dwell regions caused by the sandpaper assisted in removing the wound 
cylinders from the mandrel, and as such is the recommended manufacturing practice moving 
forward. The cylindrical sample preparation and post-winding processes are summarised in 
Table 28.  
Table 28 
Cylindrical sample manufacturing and preparation variables 
Variable/Process Value 
Winding tension (N)* 50.0 
Mould release preparation (no. coats/time interval - hrs) 4/0.25 
In-situ curing temperature and time (°C/hrs) 90/0.25 
Cure cycle temperature and time (°C/hrs) 80/1.0-1.5 
Chill cycle temperature and time(°C/hrs) -32.0/0.15 
Additional post-cure temperature and time (°C/hrs) 100/1.5 
*Winding tension determined by force balance connected to fibre tow and from torque calculations of stepper 
motor and winding loom. 
 
Sandpaper was removed and samples were cut to the required dimension using a diamond saw. 
Sample edges were manually sanded to a flat edge using wet 240 grit sandpaper to reduce 
carbon fibre dust and prevent inaccurate off-centred loading of the cylindrical samples in 
testing. Samples were sanded against the lathe cut mandrels in order to minimise inaccuracies 
and localised raised edges that would influence uniaxial compression measurements. As a result 
of adherent sandpaper in the dwell region and edge sanding process, the sample length reduced 
from 200 mm to approximately 110 mm, and thus the sample aspect ratio decreased 
significantly. The implications of this reduced aspect ratio on boundary condition induced 
affects were assessed using ANSYS FEA in order to determine the location of the gauge length 
for full-field strain measurements during uniaxial compression testing (as shown in Figure 67). 
Evidently a consistent gauge length is still present (with undulation effects excluded). Please 
note the graphical strain difference between the grip and uniaxial compression regions is 
exaggerated by the use of a small linear scale.  
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Figure 67. Cylinder stress-state under uniaxial compression (with fixed support) 
 
Post-manufacturing it was noted that different filament winding patterns appeared to exhibit 
different resin volume fractions due to differences in the resin content of the inner and outer 
surfaces of the wound cylinders. With increasing filament winding pattern, the reduced 
undulation/wavelength ratio resulted in more frequent overlapping that is hypothesised to have 
‘squeezed’ the excess resin from the outer layers. This offered some initial proof for the 
hypothesised resin gradient between circumferential and helical undulation regions and the 
centre of each fibre mosaic (as depicted in Figure 68), however microscopy sections were 
prepared in order to assess the gradient magnitude. These results are detailed in Section 4.3.3.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 68. Hypothesised resin gradient (arrows indicate increasing direction of increasing resin volume fraction) 
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4.2.2 Microscopy preparation  
In order to quantify the volume fibre and void fractions in the each of the samples, microscopy 
specimens were prepared for one of each of the filament winding patterns. Samples were 
prepared by progressive wet sanding at 240, 400 and 800 grit sandpaper, followed by 6 μm, 3  
μm and 0.05 μm polishing with Buehler MetaDi ® and Buehler MasterPrep ®. Samples were 
rinsed in water prior to each step of preparation and set to air-dry. Multiple polishing stages 
were required for several samples in order to achieve a usable surface finish.  
4.2.3 Modifications to filament winding apparatus  
The apparatus was disassembled due to the excessive vibration and eccentric motion of the 
winding chucks and vertical supports arising from poor structural stiffness. Several key areas 
of concern were identified, including:  
 no mounting of the vertical support truss structure to the sub-frame (cause for 
transverse vibration);  
 significant overhang of the horizontal support for the vertical trusses (cause for 
longitudinal vibration) 
 uneven height of the winding chucks (cause for vibration);  
 eccentric mounting of the winding chuck face on the shaft; and  
 a lack of rigid mounting between the longitudinal and transverse supports of the sub-
frame.  
These areas are graphically identified in Figure 69.   
 
Figure 69. Existing filament winding apparatus 
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Several modifications were made to the winding apparatus in order to improve both operability 
and quality of the manufactured filament wound structures. All longitudinal aluminium sections 
were shortened, an additional longitudinal cross-bar was added to the sub-frame and several 
mounting points were added to increase stiffness. The cross-support was removed and the 
vertical A-frame truss structure was clamped to the sub-frame to prevent deflection of the 
vertical structure under high fibre tension. Chuck faces, drive shafts and stepper motors were 
removed and realigned in order to remove eccentricities. The mandrel drive motor (rotational 
axis) was removed and rotated 180° in order to improve alignment of the drive belt with the 
drive chuck, and the drive gear was partially melted and redrilled to ensure proper mounting to 
the drive shaft (including the addition of threads). The base mounting points for the vertical A-
frames were redrilled in order to reduce chuck misalignment from approximately 10 mm to less 
than 0.5 mm. Due to the need to manufacture filament wound cylinders with phenolic resin, the 
winding apparatus including all operational equipment (power supply and control computer) 
was mounted to allow for movement of the apparatus to the appropriate fume cupboard or 
ventilated space. A resin catchment plate and hinged heating fixture was added in order to 
protect underlying equipment and provide in-situ curing capability. Figure 70 graphically 
displays the modified filament winding apparatus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 70. Modified filament winding apparatus 
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Cylinders manufactured using the modified apparatus exhibited greater uniformity of fibre tow 
placement, whilst system operating noise was significantly reduced. Future improvements to 
the apparatus include the addition of a fibre creel mount and fibre tensioning system, fibre 
measurement system, more effective hinged heater mechanism and replacement of the 
computer interface with a miniaturised Raspberry Pi ® system. This presents work to be 
completed at a future date.  
 
4.3 TESTING OF CYLINDRICAL SPECIMENS  
Filament wound cylinders were tested in uniaxial compression to determine the elastic response 
to in-plane longitudinal loading. ARAMIS 3D digital image correlation (DIC) was 
implemented to ascertain strain fields based on a prescribed cross-head speed and load readout 
exerted by a Servo-Hydraulic test frame (Instron 1342 or similar). 
 
4.3.1 DIC calibration for cylindrical measurements  
The ARAMIS 3D DIC system utilised in this investigation required calibration in order to 
modify the sampling volume to be suitable for analysis of the filament wound cylinders under 
uniaxial compression. Per ARAMIS measurement specifications, a 65 x 85 mm measuring 
volume was selected and calibrated with the corresponding 90x72 ARAMIS calibration object 
for a 50 mm lens. The characteristics and calibration data are summarised in Table 29.  
Table 29 
ARAMIS calibration data  
Calibration Label Result 
Calibrated sensor Deformation 5E (GigE) 
Working distance (mm) 575.0 
Camera angle (°) 25.6 
Camera slider distance (mm) 216.0 
Camera lens (mm) 50.0 
Light intensity (%) 100 
Calibration deviation (pixels)* 0.021 
Scale deviation (mm)* 0.001 
*The maximum calibration and scale deviations for a successful calibration are 0.050 pixels and 0.008 mm 
respectively.  
 
The very low calibration deviation and scale deviation indicate an excellent calibration of the 
ARAMIS system. Due to a minor error in the camera alignment, indicated by a 25.6° angle 
rather than 25.0°, the camera slider distance was modified on the right camera in order to ensure 
a proper calibration. An image of the ARAMIS apparatus and sample configuration (with 
applied stochastic pattern) is shown in Figure 71.  
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Figure 71. ARAMIS configuration (above) and stochastic surface pattern of HC-4A (below) 
 
Each ARAMIS measurement series was 500 images in length, with a sampling rate of 1 Hz. A 
small surface component (approximately 200x200 pixels) was generated for each measurement 
series in order to minimise the post-measurement data correlation time. 500 images was selected 
to ensure sufficient data collection without requiring excessive post-processing and 
photogrammetric correlation time (matching of the two images).  
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4.3.2 Filament wound cylindrical specimens test methodology and observations 
Nine filament wound cylinders, each comprised of a ±θ helically wound laminate, were 
manufactured with corresponding geometric characteristics specified in Table 30.  
Table 30 
Geometry of fabricated cylinders  
ID 
Mean outer 
diameter (mm) 
Mean inner 
diameter (mm) 
Mean length 
(mm)* 
Mean wall 
thickness (mm) 
HC-2A 103.8 101.9 114.1 0.96 
HC-2B 103.6 102.0 115.6 0.82 
HC-2C 103.9 102.0 115.8 0.91 
HC-4A 103.2 102.0 96.2 0.60 
HC-4B 103.3 102.0 104 0.67 
HC-4C 103.1 101.8 98.8 0.70 
HC-6A 103.6 102.3 103 0.70 
HC-6B 103.5 102.0 110 0.70 
HC-6C 103.9 101.9 110 1.01 
*Mean lengths varied significantly as a result of the sandpaper applied to the mandrel and the planar sanding 
process.  
 
Specimen dimensions were measured at several locations along both the cylinder diameter and 
length in order to account for localised thickness deviations caused by irregularities in the 
winding pattern and fibre placement. Table 31 summarises manufacturing notes for each 
cylinder, including identification of defects such as fibre misalignment.  
Table 31 
Notes on fabricated cylinders and fabrication process 
ID Manufacturing Notes 
HC-2A Additional internal circuit due to misalignment with sandpaper dwell supports 
HC-2B Nil 
HC-2C Additional external circuit due to variation in fibre bandwidth  
HC-4A* 
Additional external circuit due to mismatch in ideal and implemented winding 
pattern; relatively little excess resin 
HC-4B* 
Additional external circuit due to mismatch in ideal and implemented winding 
pattern; relatively little excess resin 
HC-4C* 
Localised thin region due to precession induced misalignment; relatively little 
excess resin  
HC-6A 
High winding pattern order made difficult to discern winding end point; 
additional external circuit; deliberately retained some resin on surface as HC-
XA were dry  
HC-6B 
Two additional external circuits required to ensure surface coverage due to 
‘bunching’ of the fibre tow; deliberately retained some resin on surface as 
HC-XA were dry 
HC-6C 
Two additional external circuits required to ensure surface coverage due to 
‘bunching’ of the fibre tow; deliberately retained some resin on surface as 
HC-XA were dry 
*Unable to correct the mismatch in patterns due to limitations on the dwell angle in the current winding interface.  
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3D surface scans were developed in ARAMIS, as shown in Figure 72, to graphically 
demonstrate the variation of filament winding pattern and highlight several of the 
aforementioned manufacturing defects.   
 
 
 
 
 
 
 
 
 
 
 
Figure 72. HC-2C (top left), HC-4A (top right) and HC-6A (bottom centre) ARAMIS surface scans with 
additional fibres indicated by arrows   
 
In order to generate higher fidelity surface scans the DIC facet size was reduced, resulting in 
several incompatible regions between the pixels and yielding the white regions in the scans 
above. These regions do not influence the performance of DIC measurements as a separate 
surface component with a larger facet size was implemented for data capture and analysis. 
Additional external winding circuits are visible in Figure 72 for all three winding geometries, 
with the red arrows indicating the location and direction of additional fibres. Additional circuits 
were implemented in the majority of samples to prevent gaps in the winding pattern caused by 
non-uniformities in fibre payout, such as fibre ‘bunching’. The reduction in mosaic size with 
increasing filament winding pattern is additionally clearly evident in Figure 72.  
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Due to limitations on the availability of manufacturing consumables (primarily Toray T700s 
UD carbon fibre), cylinders with winding defects were not able to be re-manufactured. As such, 
the aforementioned test specimens were tested in compression to determine the elastic response 
and the onset of failure, as indicated by a reduction in load bearing capacity. Testing to failure 
onset allowed for subsequent microscopy of the same filament wound cylinders and 
characterisation of manufacturing defects including fibre undulation and resin gradients in the 
mosaic regions. In order to ensure appropriate data collection and ensure a sufficient data 
sampling timeframe prior to failure onset, failure loads were estimated using the developed 
CLT model (per Section 3.2) and verified in ANSYS FEA. In both CLT and FEA analyses, 
failure loads were calculated using the Maximum Stress Criterion due to its simplicity. An 
iterative approach was utilised in solving for the critical Ny (compressive load) via the 
developed CLT failure analysis code. The input loads were iterated until a failure in one of the 
plies was achieved. For a ±θ laminate comprised of multiple identical constitutive laminae, the 
margins of safety were calculated via the developed iteration scheme until SF < 0. The failure 
loads and corresponding failure strains are summarised in Table 32 for uniaxial compression of 
a ±72.6° cylinder with 1.0 mm mean wall thickness.  
Table 32 
Expected failure loads for filament wound cylinders (excl. fibre undulation effects) 
ID Failure direction Failure load  per 
unit length (N/m) 
Total failure 
load (N) 
εy Failure strain 
(mm/mm)  
HC-2/4/6 σ2c -219 140 -71600 -0.0258 
 
Given the sample gauge length was approximately 100 mm, the total strain to failure in 
compression was estimated at approximately -2.58 mm. Higher order manufacturing affects 
and compression-prone failure modes were not integrated in original failure estimates and thus 
the prescribed loads are expected to be a severe overestimation of the actual failure loads. As 
such, a conservative safety factor was implemented in order to prevent premature failure given 
loads were calculated using literature elastic properties data and therefore have no consideration 
for specific manufacturing factors such as void fraction, fibre-matrix interface or errors 
associated with fibre payout. Samples were subsequently tested using an Instron servo-
hydraulic test frame (8031 or similar) with cross-head speeds and expected load conditions 
summarised in Table 33.  
Table 33 
Mechanical testing specifications (excl. fibre undulation effects) 
Cross-head 
speed (mm/min) 
Total cross-head 
displacement (mm) 
Maximum εy test 
strain (mm/mm) 
Estimated 
test time 
(seconds) 
Estimated 
Load (N) 
Ultimate 
Failure SF 
0.10 0.129 -0.00129 150 -3580.0 20.0 
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Optical strain measurements using the ARAMIS system aligned the y-axis with the longitudinal 
axis of the cylinder in order to appropriately correlate the x-y strains with the load application 
direction (compression along cylinder longitudinal axis).  
4.3.3 Filament wound cylinder data analysis 
Samples were tested in uniaxial compression and deformations measured using the ARAMIS 
system in order to assess the effective elastic response of the cylinders and validate the models 
developed in the investigation. Sample data was processed by generating a surface component 
in the ARAMIS Professional software and applying photogrammetric methods to match 
movements of the stochastic pattern elements in the reference frame of both cameras. The 
resulting deformation field was utilised in the calculation of strains. Of primary interest were 
the stresses and strains in the global x-y coordinate system, however due to the high winding 
angle and relatively low applied loads, x-direction strains were difficult to discern in many 
cases. As such, y-direction strains have primarily been used as the basis for qualitative 
assessment of the influence of intrinsic filament wound manufacturing defects (mosaics and 
undulation) on the total elastic response. Full field εy strains developed from ARAMIS data, 
and the outline of the mosaic regions, are graphically shown for each filament winding pattern 
in Figures 73-75.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 73. ARAMIS εy field for HC-2B incl. mosaic outline (blue = high strain, red = low strain) 
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As noted in Figure 73, the mosaic regions of the filament wound structure are clearly discernible 
from the strain field. It is expected that the laminate regions of the mosaic (free of undulation) 
would exhibit lower strains than the helical undulation regions. Conversely, Figure 73 indicates 
stiffer undulation regions (due to lower strain). Due to additional winding circuits in the 
manufacturing process for HC-2X cylinders, the helical undulation bands are thicker than the 
mosaic laminate regions, thus yielding the reduced strain. By scaling the stiffness based on the 
increase in thickness at the helical undulation regions, the resulting strains are greater than that 
of the laminate regions and in agreement with the expected result. Most clearly evident in the 
central triangular mosaic of Figure 73 (bisected by ‘Fibre Mosaic Section 1’), the location and 
direction of each fibre in the mosaic region is visible due to the green and yellow alternation of 
strain field. Due to the relatively low strains in the mosaic region, very minor deviations would 
give rise to the characteristic strain pattern and thus it is expected that this differentiation has 
negligible influence on the global cylinder behaviour. A fibre with lower strain, marked by the 
‘Fibre Direction Plane’, is an example of the impact of an additional winding circuit. The non-
uniformity of the surface and localised increase in thickness yields a region of significantly 
higher strain adjacent to the additional wound fibre, possibly arising from increased fibre 
undulation, in-plane waviness due to localised increase in fibre pressure, or localised buckling. 
HC-2A and HC-2C samples displayed similar strain fields, with localised regions of high strain 
adjacent to additional fibres.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 74. ARAMIS εy field for HC-4C incl. mosaic outline (blue = high strain, red = low strain) 
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Figure 74 displays the strain field at onset buckling failure for the HC-4C test specimen. In 
comparison to HC-2X samples, the reduced mosaic size and increased frequency of helical 
undulation regions is clearly visible by more frequent high strain regions (in comparison to the 
sample mean strain). This variation in strain field is supported by the reduction in effective 
stiffness at undulation regions and the increased area fraction of undulated fibres with a higher 
order filament winding pattern. Interestingly, mosaic regions display less homogeneity in strain 
in comparison to HC-2B. It is suspected this difference in behaviour arose due to the greater 
frequency of undulation and greater susceptibility to thickness variations in the winding process 
i.e. a greater number of circuits per pattern yields less accuracy in the placement of the adjacent 
fibre in the next pattern. Onset buckling failure is discernible by the region of very large positive 
(red) and negative strain (blue) strain in the left-most corner of the cylinder, and the graphical 
inversion of the surface scan (outlined region). Interestingly, the buckling failure is located 
along a helical undulation region and adjacent to an additional external winding circuit that was 
implemented in order to close a localised gap in the filament winding pattern. Thus it is expected 
that the buckling failure arose due to a localised reduction in thickness or high local void 
content. HC-4A and HC-4B samples showed similar strain behaviour with increased frequency 
of higher strain undulation regions to HC-2X samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 75. ARAMIS εy field for HC-6C (blue = high strain, red = low strain) 
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The strain field in Figure 75 appears to show greater uniformity in comparison to HC-2X and 
HC-4X samples, however this is misleading due to the difference in strain scales between 
images. HC-6C samples displayed comparable strains in the mosaic regions to filament wound 
cylinders of lower order, however, were far more susceptible to buckling failure. This is clearly 
visible in Figure 75 which demonstrates three separate and simultaneous onset buckling failure 
events, as outlined in blue. The buckling failure in the upper left of the cylinder indicates that 
end-fixtures should be used in future compression tests to prevent boundary condition effects 
influencing experimental results. Due to the fibre bandwidth of approximately 4.0 mm and a 
circumferential undulation spacing of 8.34 mm, the area fraction of undulated fibre is 
comparable to that of the laminate regions and hence the difference in strain is significantly 
more difficult to discern. The regions of low strain (orange) in Figure 75 arose from the 
additional winding circuits required to account for inaccuracies in the winding process 
(indicated by arrows). Regions of high strain are frequently adjacent to additional fibres, an 
observation consistent with HC-2X and HC-4X samples. As such, initial observations indicated 
that additional fibre circuits and inaccuracies in fibre placement did not influence the bulk 
sample strains, however directly influenced the susceptibility to premature failure in each 
sample. Methods for accessing all ARAMIS strain images are detailed in Appendix B. Failure 
loads and the corresponding failure mode for each sample are summarised in Table 34.  
Table 34 
Failure load and failure mode of filament wound cylinders 
ID Failure load (N) Failure mode  
HC-2A 7899.2 N.A 
HC-2B 5736.4 N.A 
HC-2C 5816.4 N.A 
HC-4A 1194.8* Fibre buckling/lateral subduction 
HC-4B 6156.8 Fibre buckling/lateral subduction 
HC-4C 6564.3 Fibre buckling/lateral subduction 
HC-6A 3802.3 Fibre buckling/lateral subduction 
HC-6B 3867.7 Fibre buckling/lateral subduction 
HC-6C 4834.5 Fibre buckling/lateral subduction 
*HC-4A experienced premature failure due to flaw in winding pattern and incorrect loading conditions due to an 
imperfectly flat end shape.  
 
As specified above and noted in Figures 73-75, HC-2X cylinders did not fail whilst HC-4X and 
HC-6X cylinders failed via buckling or a process of lateral fibre subduction. In each of these 
instances, a localised fibre or area of the mosaic region subducted inward under an overlying 
lamina, resulting in a reduction in load bearing capacity and a visible change in the external 
geometry of the cylinder. This failure mode is shown in Figures 76 and 77.  
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Figure 76. Fibre buckling/lateral subduction of HC-6A 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 77. Comparison of ARAMIS surface models of non-loaded cylinder and lateral fibre subduction in a 
loaded cylinder (HC-6B) 
 
In the case of buckling, a localised region was unable to support the compressive transverse 
load and thus buckled inward about the fibre longitudinal axis. Samples did not exhibit fibre 
buckling in the conventional manner due to the high winding angle with respect to the loading 
direction i.e. low compressive loads in the fibre longitudinal direction. Lateral fibre subduction 
was primarily observed in samples with a clearly visible additional winding circuit where the 
localised variation in stiffness either side of the additional fibre caused an adjacent fibre to 
subduct into the local resin-rich or more severely undulated region. This out-of-plane 
movement caused a buckling moment about the shell axis, causing the subducted fibre to buckle 
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inward. The probability of a lateral subduction event or winding defect induced buckling was 
greater in cylinders with a higher filament winding pattern order, as evidenced by the 
consistently lower failure load in HC-6X samples compared to HC-4X and HC-2X (excluding 
a HC-4A). This was a direct result of the increased frequency of reduced thickness regions 
arising from greater variability in fibre payout and placement with higher order winding 
patterns. As a greater number of circuits are completed before the adjacent tow is wound in 
higher order patterns, small deviations propagate to yield appreciable changes in the surface 
coverage and fibre trajectory. Whilst not directly influencing the elastic properties or validation 
of design tools, an understanding of failure modes and the impact of winding pattern order on 
failure is an essential step in the development of ultra-high temperature composite materials. It 
is expected that fibres subjected to a hydrostatic pressure state, as in a scramjet combustor, 
would yield significantly higher loads to failure and exhibit less sensitivity to the filament 
winding pattern than for a uniaxial compression case. This presents some scope for future work.  
 
Using the deformation fields measured in the x-y-z coordinate system, global x/y strains and 
major/minor strains associated with a biaxial stress state were calculated.  Data sampling points 
along representative sections in the x and y directions were created (as shown in Figure 78) in 
order to determine equivalent strain properties of the entire measuring volume whilst 
minimising required data processing due to time constraints.  Sampling points were selected on 
a case-by-case basis in order to provide the most accurate representation of the filament wound 
cylinder, with selection criteria including:  
 located in a region free of stress concentration or failure; 
 located in regions with thickness comparable to the mean thickness of the cylinder;  
 equally spaced to other sampling points in order to provide a uniformly weighted 
indication of the section properties;  
 positioned such that stress-strain directions align with the global x-y coordinate system 
(no artefact strains induced by curvature); and  
 bisecting at least one mosaic region.  
Due to the limiting post-processing time and immensity of data, 12-15 sampling points were 
used per section. A greater number of sampling points would improve the accuracy of results 
as the individual weighting of each sampling point is less i.e. an erroneous sampling point 
would have less impact on the result.  
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Figure 78. Vertical sectioning of HC-2B 
Sampling points were generated along each section, εx, εy and ε1, ε2 (major and minor strain) 
were calculated at each point and strain (%) versus stress (MPa) plots were developed for each 
of the sampling points. Strain (%) versus stress (MPa) was utilised in comparison to the standard 
stress (Pa) vs. strain (mm/mm) in order to highlight errors in data collection and the presence 
of noise and erroneous strain behaviour in several measurements. Figures 79 to 82 graphically 
display the pre-processed and post-processed data (prior to Ex and Ey calculation).  
 
Figure 79. εx strain (%) versus stress (MPa) for HC-6A (horizontal section) 
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Figure 80. Filtered and averaged εx strain (%) versus stress (MPa) for HC-6A (horizontal section) 
 
 
Figure 81. εy strain (%) versus stress (MPa) for HC-6A (horizontal section) 
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Figure 82. Filtered and averaged εy strain (%) versus stress (MPa) for HC-6A (horizontal section) 
 
As seen in Figures 79 and 81, the strain difference of consecutive sampling points is 
significantly larger in εx measurements than in εy. The oscillating nature of the εx strain field 
indicates that the strain resolution achieved in the selected ARAMIS sampling volume was 
insufficient to appropriately resolve these strains i.e. the signal is primarily noise. In light of 
this, data was filtered by applying a limited maximum alternating magnitude and manually 
eliminating sampling points that displayed pure noise rather than any meaningful trend. Strains 
in the y-direction were significantly larger than x-direction strains due to the high winding 
angle, and as such were within the strain resolution of ARAMIS. This is indicated by the close 
correlation between consecutive data points (> 99%), lack of oscillation and strong linear 
regression developed from the averaged data in Figure 82. In order to give the most accurate 
moduli assessment, changes in the stress-strain behaviour resulting from onset failure and initial 
loading impacts were eliminated from the data set. An example of such behavioural change 
occurs at approximately 17.0 MPa in Figure 81. Utilising the above methodology, mean global 
longitudinal and transverse moduli were calculated for each test sample. These values are 
summarised in Table 35.  
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Table 35 
Effective Young’s moduli of filament wound samples  
Cylinder ID Ex/Ey (global x-y derived) Ex/Ey (major/minor strain derived) 
HC-2A 
Ex - Ex - 
Ey 3.21 Ey 3.31 
HC-2B 
Ex 26.7 Ex 31.1 
Ey 2.75 Ey 2.65 
HC-2C 
Ex 29.4 Ex 28.3 
Ey 2.37 Ey 2.43 
HC-4A* 
Ex 23.2 Ex - 
Ey 3.80 Ey 4.56 
HC-4B 
Ex 24.1 Ex 26.7 
Ey 3.18 Ey 2.94 
HC-4C 
Ex 25.1 Ex 29.7 
Ey 3.63 Ey 4.40 
HC-6A* 
Ex 30.7 Ex - 
Ey 4.42 Ey 4.85 
HC-6B 
Ex 19.1 Ex 20.22 
Ey 3.42 Ey 3.64 
HC-6C 
Ex 15.5 Ex 20.4 
Ey 3.01 Ey 3.06 
*Less accurate strain measurement due to uneven load application and/or premature failure.  
 
A lack of Ex data is present in several samples due to the relatively poor strain resolution in the 
x-direction. As a result of the high winding angle and high stiffness in the fibre longitudinal 
direction, εx strains were very low, and in several cases, sufficiently small that no meaningful 
trend could be discerned from the data set. Thus, correlation coefficients (R2 values) for Ex data 
sets were rarely in excess of 75%. This was additionally evident in the disparate modulus values 
for each filament winding pattern order. Ey data consistently displayed statistically meaningful 
trends with R2 coefficients for linear regressions in excess of 98%, with far better inter-sample 
correlation. In an attempt to ascertain more meaningful data in the fibre longitudinal direction, 
a custom principal coordinate system was created in ARAMIS to align the global x-y-z axes 
with the fibre 1-2-3 axes, as shown in Figure 83. A tangent plane was created to the cylindrical 
surface using several reference points, and a coordinate system was generated based on the 
edges of the constructed tangent plane, as indicated by the blue, red and green reference regions 
in Figure 83.  
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Figure 83. Fibre-orientated reference frame 
As in the global x-y elastic moduli assessment, sampling points were created along a section 
plane in the fibre coordinate system, as shown in Figure 84. Strains in the x and y direction 
were determined from sampling points and analysed to determine the fibre direction stiffness 
(E1), as summarised in Table 36.   
Table 36 
Fibre coordinate system longitudinal stiffness (E1) 
Cylinder ID E1 (GPa) 
HC-2A 30.7 
HC-2B 39.3 
HC-2C 29.6 
HC-4A - 
HC-4B 47.6 
HC-4C 41.6 
HC-6A 30.3 
HC-6B - 
HC-6C 38.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 84. Fibre direction section plane and sampling points 
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Sampling points in the fibre reference frame required the additional constraint that they lie on 
fibres with the same winding angle i.e. circuits with a winding angle of either +72.66° or -
72.66° only. It can be noted from Table 36 that the disparity in stiffness values in the fibre 
coordinate system for each filament winding pattern was equivalent to, if not more severe, than 
those in the global x-y coordinate system. As the stiffness is highest in the fibre longitudinal 
direction, and thus exhibits the lowest strain, the strain resolution limits in ARAMIS would 
contribute to greater noise. Therefore the accuracy of x or fibre-direction (1) stiffness values is 
questionable. Modifications to the experimental and measuring procedure to improve ARAMIS 
results and ensure meaningful results are detailed in Section 6.1.   
 
Utilising global stiffness values as a point of comparison, the reduction of elastic properties 
with increasing filament winding pattern or undulation severity was not evident. However, due 
to differences in the manufacturing processes of each cylinder, fibre volume and void fractions 
in each of the samples was not necessarily the same, most particularly in HC-4X and HC-6X. 
Photomicrography was implemented to determine these constituency fractions and normalise 
the moduli using micromechanics principles. Quantitative examination of a polished interior 
plane of microscopy specimens was undertaken using a composite analysis tool developed in 
the MATLAB Image Processing Toolbox. Binary images were generated from 
photomicrographs by applying an appropriate greyscale conversion threshold and noise 
reduction scheme. Connected and independents fibres were labelled, area-tagged (different 
coloured regions) and the total area fibre area was calculated, as shown in Figure 85.  
 
Blue background regions in Figure 85 indicate the combined resin and void fraction, whilst 
coloured regions indicate the fibre area. A separate colour is assigned to each grouping of 
interconnected fibres in order to allow for statistical analysis of fibre shape and distribution. 
Due to the high fibre volume fraction in the manufactured samples, fibres touched in several 
regions and thus statistical analysis was not utilised; the threshold code interprets touching 
fibres as an equivalent larger fibre, thus skewing the statistical analysis.  
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Figure 85. Photomicrograph (top), binary image (centre) and area-tagging (bottom) progression for volume fibre 
fraction characterisation 
 
Raw image data levels were modified using Photoshop CC 2014 in order to highlight the 
locations of voids for area-tagging using the developed MATLAB module. The modified image 
for void characterisation and area-tagging of Figure 86 is shown below.  
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Figure 86. RGB level inverted photomicrograph (above) and area-tagged regions (below) 
Image inversion was utilised in order to enable processing of void fractions in the same 
developed MATLAB module. As shown in Figure 86, the blue background region indicates the 
resin matrix and fibres, whilst coloured regions indicate the total void area. Voids areas were 
highly sensitive to the quality of the sample preparation, as damaged fibres would be falsely 
interpreted as voids. A size threshold (noise filter) was applied in order to prevent 
overestimation of void area in this manner.  This methodology was applied for all microscopy 
specimens to ascertain approximate fibre volume and void volume fractions for each filament 
winding pattern. These results are summarised in Table 37.  
Table 37 
Constituent volume fractions in helically wound cylinders  
Cylinder ID Fibre volume fraction 
(%) 
Void content (%) Resin content (%) 
HC-2X 62.5 1.6 35.9 
HC-4X* 54.6 (± 5) 4.7 40.7 (± 5) 
HC-6X 50.2 2.5 47.3 
*Relatively poor sample preparation.  
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Relatively poor sample preparation for HC-4X samples resulted in a large degree of variability 
in fibre volume fraction measurements. It was noted across all HC-4X samples that the void 
content was significantly higher than that of HC-2X or HC-6X, most likely a result of the 
accidental aggressive resin removal in manufacturing. This was further validated by the lack of 
surface resin in HC-4X samples in comparison to other cylinders, seen in Figure 87 by the lack 
of a resin ‘halo’ around the fibre surface.    
  
 
 Figure 87. Surface resin characteristics in HC-2X (top), HC-4X (centre) and HC-6X (bottom) samples 
 
HC-6X samples showed more consistent fibre volume fraction, however, void content in the 
undulation regions was significantly higher (4.0%) than the laminate regions (1.5-1.9%). 
Interestingly, voids appeared to be spaced consistently in HC-6X samples at approximately the 
tow width, indicating possible inaccuracies in the filament winding pattern or manufacturing 
processes detrimental to resin infiltration. HC-2X samples showed the greatest homogeneity in 
fibre volume fraction and void content. Thus it was deemed that an increase in the filament 
winding pattern order resulted in a reduce fibre volume fraction and increased void content. As 
the same manufacturing process was employed for each filament winding pattern, it is expected 
that the void and fibre contents are representative of the entire sample set. 
 
 In addition to a higher void content with increasing filament winding pattern, regions of high 
resin content were more frequent in HC-4X and HC-6X samples, as shown in Figure 88.  
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Figure 88. Resin rich regions and winding inaccuracies in HC-6X samples 
Increased variability in fibre tow placement and a greater susceptibility to fibre bunching in 
higher order patterns gave rise to less homogeneity across the filament wound sample. With 
increased winding patterns, the distance between adjacent fibre placements is significantly 
larger, leading to a propagation of the winding errors and the corresponding void fraction 
increase. HC-2X samples displayed excellent uniformity in volume fibre fraction and resin 
content across the all microscopy samples, whereas HC-4X and HC-6X displayed localised 
resin rich and high void content regions, depicted in Figure 89.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 89. Localised region of weakness in HC-2X samples due to inaccuracies in filament winding pattern 
The resulting load bearing capacity in regions of such high void fractions and low fibre volume 
is significantly reduced in comparison to the bulk of the cylinder. It is the increased frequency 
of such regions that result in the premature failure of the cylinders that was observed with higher 
order filament winding patterns. Fibre placement inaccuracies and the aforementioned 
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variability in higher order cylinders is primarily a result of the difference in the optimal and 
implemented winding patterns used for manufacturing. Assuming an ideal fibre trajectory could 
be wound with consistent fibre payout and limited bunching of the fibre tow, it is expected that 
the reduction in load bearing capacity would be less severe. 
 
In addition to determining the volume fraction of constituent components, photomicrography 
was employed to characterise the nature of the fibre undulation, including undulation amplitude 
and wavelength. Whilst fibre undulation was only identifiable in HC-6X samples, the 
experimental waveform strongly supported the geometries implemented in the undulation and 
mosaic models, as shown in Figure 90. 
 
Figure 90. Undulation waveform in HC-6X sample  
 
The central –θ ply clearly undulates from the base of the laminate to the top, with +θ regions 
overlying or underlying along its length. Multiple images were stitched together in order to 
determine the total amplitude-wavelength ratio, as indicated by the blue region in Figure 91.  
Figure 91. Full undulation waveform  
Accounting for the partially misaligned sample plane, the undulation amplitude wavelength 
ratio was measured at approximately 0.14, in close alignment with the theoretically assumed 
0.125 ratio.  
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Given undulation amplitudes were measured in HC-6X samples, which is the highest order 
filament winding pattern, it is expected that HC-2X and HC-4X samples would exhibit similar 
undulation amplitude-wavelength ratios as there is greater spacing between undulation regions. 
A higher order pattern with smaller undulation region spacing would be expected to exhibit an 
undulation with a shorter wavelength. 
 
As such, an amplitude-wavelength ratio of 0.14 and undulation amplitude equivalent to half the 
cylinder wall thickness are implemented in analysis methods. As the laminate structures were 
thin, no in-plane fibre waviness was distinguishable in microscopy assessments or through 
external inspection of the cylinders. Utilising volume fibre void fractions, the expected elastic 
properties of the unidirectional lamina were calculated using the developed micromechanics 
code and the elastic properties of the constituent fibre and resin, as summarised in Tables 38-
40.  
Table 38 
Toray T700s fibre elastic properties [66] 
E1 (GPa) E2 (GPa)* ν12 ν23 G12 (GPa)* G23 (GPa)* 
220.6 13.79 0.20 0.25 8.96 4.83 
*Properties for shear, transverse and compression estimates inferred from corresponding composite properties.  
  
Table 39 
Araldite GY191/Aradur 2961 epoxy resin elastic properties [25] 
E1 (GPa) ν12 G12 (GPa) 
4.6 0.36 1.6 
 
Table 40 
Estimated elastic properties of Toray T700s + Araldite GY191/Aradur 2961 composite  
 E1 (GPa) E2 (GPa) ν12 ν23 G12 (GPa) G23 (GPa) 
HC-2X 139.5 9.72 0.25 0.41 4.56 3.39 
HC-4X 122.3 9.06 0.26 0.42 4.07 3.16 
HX-6X 112.9 8.71 0.27 0.45 3.82 3.04 
 
Effective elastic properties of each filament winding pattern were predicted using the CLT and 
combined undulation/mosaic models with the undulation waveform prescribed per Figure 91. 
Estimates of elastic properties using CLT and out-of-plane undulation assessments are 
summarised in Table 41.   
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Table 41 
Elastic property estimates utilising developed modules  
 CLT Bogetti Undulation 
Combined Mosaic 
and Undulation 
Experimental 
HC-2X 
Ex (GPa) 57.9 75.2 52.7 28.9 
Ey (GPa) 9.71 8.6 9.73 2.98 
HC-4X 
Ex (GPa) 51.1 66.5 42.3 25.7 
Ey (GPa) 8.98 8.0 9.00 3.75 
HC-6X  
Ex (GPa) 47.2 61.9 35.6 18.8 
Ey (GPa) 8.61 7.7 8.62 3.73 
 
As seen in Table 41, each model yields vastly different predictions of the effective elastic 
properties of the cylinders. The Bogetti undulation model is clearly inaccurate due to the 
overestimation of Ex arising from the assumed orthogonality, which is not possible in filament 
wound cylinders excluding balanced ±45° or cross-ply laminates. The combined mosaic and 
undulation model demonstrates the reduction in stiffness associated with undulation in the x-
direction, with minimal change in the y-direction stiffness in comparison to the conventional 
CLT model. The application of the mosaic and undulation model modifies CLT to more 
accurately predict the elastic properties of the experimental results, however predicted and 
experimental values still show little correlation. This is graphically shown in Figure 92.  
 
Figure 92. CLT, mosaic/undulation and experimental elastic property predictions for each cylinder 
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The undulation geometry defined per microscopy resulted in a P2 laminate region area less than 
zero for the HC-6X samples i.e. the filament winding pattern was of sufficient order that no 
laminate regions existed. This is in agreement with the observation of no discernible filament 
winding pattern in the HC-6X samples. Given the differing fibre volume fractions in each 
sample, it is difficult to draw any immediate conclusions on the influence of increased filament 
winding pattern on the magnitude of the elastic property reduction. Manufacturing of samples 
with the same fibre volume fraction, or normalisation of the results with respect to the fibre 
volume fraction (based on sizeable experimental data) represent future work to validate the 
magnitude of elastic property reduction with filament winding pattern order.  
 
The disparity between experimental data and the developed modules is believed to be a result 
of the sampling methodology used in ARAMIS and the multiple stages of averaging in the 
filament wound cylinder, rather than inaccuracies or errors in the analytical and numerical 
modules. It was deemed that the majority of error in effective elastic property predictions arose 
due to inaccurate measurement of the cylinder thickness due to large variations across each 
repeating rhombic element. In an attempt to correct for this, thicknesses were calculated based 
on microscopy specimens and the results of only those cylinders were corrected for the new 
geometry. Modified thicknesses and elastic properties are specified in Tables 42 and 43 
respectively.   
Table 42 
Microscopy derived thicknesses  
 Thickness #1 (mm) Thickness #2 (mm) Thickness #3 (mm) Average  (mm) 
HC-2B 0.61 0.56 0.62 0.60 
HC-4C 0.60 0.56 0.62 0.59 
HC-6A 0.59 0.47 0.58 0.54 
*Height measurements were corrected for possible planar misalignment in microscopy by calculating the planar 
angle based on the major and minor axes of the elliptical fibre.   
 
The microscopy derived thicknesses are less than those measured using Vernier callipers. As 
noted in photomicrographs of the filament wound specimens, HC-4C had no surface resin. 
Fibre volume fractions estimates were based on multiple smaller sections of each image and 
as such did not account for the surface resin in determining the mean constituency fractions. 
Therefore, HC-2B and HC-6A thickness measurements were corrected to account for the 
region of significantly less resin on the outer surface of the cylinder.  
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Table 43 
Elastic property estimates utilising developed modules using microscopy defined thicknesses 
 CLT 
Combined Mosaic and 
Undulation 
Experimental 
HC-2B 
Ex (GPa) 57.9 53.9 39.4 
Ey (GPa) 9.71 9.72 3.67 
HC-4C 
Ex (GPa) 51.1 44.6 35.4 
Ey (GPa) 8.98 8.99 4.24 
HC-6A 
Ex (GPa) 47.2 39.4 29.1 
Ey (GPa) 8.61 8.62 5.65 
 
 
Figure 93. CLT and mosaic/undulation models comparison with microscopy defined experimental data  
From Figure 93 and Table 43 it can be noted that the correlation between experimental and 
theoretical predictions improves considerably using specific thickness and volume fibre 
fraction data per test specimen. Mosaic/undulation model Ex values show deviations ranging 
from 37% to 26.0%, in comparison errors of up to 47% using CLT. Ey values display a 
significant deviation from theoretical values, and an unexpected increase in stiffness with 
increasing filament winding pattern order. This is possibly a result of the lifting of the fibre out-
of-plane altering the shape and orientation of the fibre in a manner not accurately modelled by 
the developed models.  
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Additional causes for the increase in Ey may include coupling between the undulations or poor 
interfaces between the fibres and matrix due to the out-of-plane movement. Whilst the 
undulation out-of-plane has minimal effect on the stiffness terms in the fibre transverse 
direction, the process of lifting out-of-plane and force application on an elevated plane in 
winding may contribute to macroscopic defects that severely influence the stiffness, or exhibits 
behaviour highly dependent on the out-of-plane shear modulus. However it seems unlikely that 
the Ey would increase so markedly in HC-6X samples, when the fibre volume fraction is less 
than in HC-2X and HC-4X samples. It is thus recommended that additional validation of the 
analytical models be conducted in a manner most conducive to ascertaining reliable strain data 
using the ARAMIS system. Recommendations are detailed in Section 6.1.  
 
Noticeable errors arose from the implementation of Chamis micromechanics models rather than 
fibre volume fraction normalised experimental data in the determination of elastic properties of 
cylinder lamina. Chamis techniques are not particularly accurate in determining transverse and 
shear properties. Propagation of inaccurate E2, G12 and G23 estimates severely effects the 
accuracy of the elastic property estimation in the mosaic/undulation model. Notably, the model 
is highly sensitive to shear modulus inputs, most particularly in the undulation regions. The 
implementation of a more accurate micromechanics solver such as the Method of Cells (MOC), 
Mori-Tanaka method or finite element analysis methods would significantly improve the 
correlation between experimental data and analytical predictions. Additional discrepancies 
between the experimental and analytical solutions was a result of the sampling methodology 
and the difficulty in extracting ARAMIS strain data in a global x-y coordinate system. Given 
the uncertainty of at least 5% in thickness and fibre volume fraction measurements, the inability 
to quantify in-plane fibre waviness and a significant possible error in the micromechanics 
assessments, the filament wound cylinder elastic property estimates seem reasonable. 
 
In an attempt to more thoroughly validate the combined mosaic/undulation model, experimental 
data was obtained from Todd. C. Henry’s PhD and compared against the results of the 
theoretical models [67]. Henry fabricated several filament wound cylinders from AS4D-GP-
12K + EPON 862 epoxy resin in order to assess the potential of flexible and rigid matrix 
composites for helicopter driveshaft applications [67]. The elastic properties of the composite 
lamina and specimen geometry are summarised in Tables 44 and 45.   
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Table 44 
Elastic properties of EPON 862 UD lamina @ Vf = 58% [67] 
 E1 (GPa) E2 (GPa) ν12 ν23 G12 (GPa) G23 (GPa) 
EPON 862 145.0 8.56 0.32 0.58 6.65 2.71 
 
Table 45 
Winding patterns and undulation geometry for [±16/89/±16] laminate [67].  
 
Average Inside 
Radius (mm) 
Average Radial 
Thickness (mm) 
Average Helical 
Ply Thickness 
(mm) 
Average Centre 
Ply Thickness 
(mm) 
EPON 862 48.39 1.22 0.25 0.21 
 
EPON 862 samples exhibited undulation amplitude-wavelength ratios of approximately 0.14, 
with an undulation height of 0.34 mm. Utilising CLT and mosaic/undulation analyses, the 
elastic properties of the cylinders were predicted. Ex values were only compared as Ey 
experimental data could not be elucidated from the data presented in Henry’s results. 
Additionally, ANSYS FEA was used to verify the effective elastic properties of the cylinders 
excluding the undulation and mosaic effects.  
Table 46 
Comparison of CLT and mosaic/undulation model for EPON 862 [67] 
 CLT (GPa)* ANSYS (GPa)* 
Combined 
Mosaic and 
Undulation 
(GPa) 
Experimental 
(GPa) 
EPON 862 [±16/89/±16] 
{2/2} 
103.4 103.4 95.4 90.0 
EPON 862 [±16/89/±16] 
{5/5} 
103.4 103.4 94.8 91.0 
EPON 862 [±16/89/±16] 
{10/10} 
103.4 103.4 93.7 92.0 
*Represent the case where the sample is flat and free to curve when loaded in-plane.  
In comparison to the results of Table 43, both CLT and the combined mosaic/undulation model 
show far greater correlation with experimental results. The combined mosaic and undulation 
model is more accurate in comparison to CLT/ANSYS, however the trend of increasing 
experimental modulus with increasing filament winding pattern does not correlate with the 
expected stiffness reduction associated with a greater volume of undulated fibre. It is posed that 
the plane stress assumption does not accurately model or account for the out-of-plane stiffness 
contributions associated with the undulation. The investigation of this phenomenon and the 
potential for composite stiffening through undulation or macroscopic fibre control, and the 
development of a full 3D homogenisation approach for elastic properties presents potential for 
future work. In relation to UHTCs, it is expected that the sensitivity to undulation will vary due 
to the different fibre-matrix interface characteristics and a more comparable matrix and fibre 
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stiffness. Characterisation of factors influencing such properties is essential in validating the 
models presented herein and is regarded as the next major step in the development of a filament 
wound UHTC scramjet combustor.  
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5 IMPLEMENTATION OF DEVELOPED TOOLS IN DESIGN AND 
MANUFACTURE OF A SCRAMJET COMBUSTOR  
In order to demonstrate the applicability of the developed modules, manufacturing and design 
tools have been implemented in order to conduct a stress analysis and basic design of a scramjet 
combustor for the HIFiRE 8 test vehicle. Flight conditions are adapted from “An Experimental 
Investigation of Inlet Fuel Injection in a Three-Dimensional Scramjet Engine” for Mach 8 
scramjet at 30km altitude, as summarised in Table 47 [68].  
 
Table 47 
Mach 8 scramjet flight conditions [68] 
Temperature (K) Pressure (kPa) Flow Velocity (m.s-1) 
932 47.9 2005 
 
The design of the scramjet combustor requires consideration of the stresses associated with the 
hydrostatic internal pressure loading, thermal expansion strains and axial loads associated with 
fixing of the combustor into the scramjet flowpath. These parameters are dependent on the 
combustor geometry and thermo-elastic properties of the constituent materials summarised in 
Tables 48 and 49 respectively.  
Table 48 
Scramjet combustor geometry 
Inlet Major Axis 
(mm)  
Inlet Minor Axis 
(mm) 
Outlet Major Axis 
(mm) 
Outlet Minor Axis 
(mm) 
Length (mm) 
49.4 26.2 84.00 44.55 1000.0 
 
An elliptical scramjet combustor geometry is modelled per the HIFiRE 8 combustor mandrel 
provided by the Australian Defence Science and Technology Group (DSTG), as shown in 
Figure 94. 
 
 
 
 
 
 
 
 
 
Figure 94. Elliptical scramjet combustor mandrel 
120 
 
In accordance with the expected combustor temperature of the HIFiRE scramjet, C/C-SiC 
ceramic matrix composites have been posed as the optimal material, with elastic properties 
specified in Table 49.  
Table 49 
Mechanical properties of DLR C/C-SiC UD composite [5] 
E1 (GPa) E2 (GPa) G12 (GPa) G23 (GPa) ν12 ν23 
60.0 20.0 8.8 8.9 0.032 0.032 
 
The manufacturing of a scramjet combustor via filament winding requires several design 
considerations in order to minimise weight and cost whilst ensuring strength criteria are met, 
these include:  
 mismatch of thermal strains caused by different filament winding patterns and different 
in-plane and out-of-plane fibre movement;  
 positioning of the tows and selection of a winding pattern most conducive to proper 
carbonisation and siliconisation; and  
 compounding of helical and circumferential undulation regions in laminate structure.   
In light of these considerations, a symmetric laminate, or laminate with multiple alternating ±θ 
plies of the same winding angle is recommended in order to prevent extension-twisting coupling 
stresses induced by unequal thermal expansion of the filament wound lamina. Additionally, the 
same filament winding pattern ought be implemented for each lamina in order to prevent 
differences in thermal expansion arising from variation in the magnitude and location of helical 
and circumferential undulation. The variation of fibre volume fraction with increasing filament 
winding pattern order and the increasing in winding defects suggests that a lower order pattern 
be used. The existence of a primarily hoop loading case indicates that a relatively high winding 
angle ought be used. As such, ± 60° lamina with a filament winding pattern order of 2 (NP = 2) 
is to be used in the design of the scramjet combustor. In this case an arbitrary winding angle 
has been selected, whereas full combustor would employ an optimisation method based on the 
global loading scenario in order to determine the winding angle. The filament winding 
manufacturing module was used to develop the winding pattern by calculating equivalent radii 
for an elliptical conical spiral (as shown in 95) and scaling the corresponding filament winding 
pattern to develop a winding pattern in the existing module.  
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Figure 95. Single trajectory image for filament wound scramjet combustor 
 
Whilst an internal pressure load of 47.9 kPa would most likely only require a single filament 
wound layer, a minimum of two layers is required to reduce the likelihood of through-thickness 
pores caused by inaccuracies in the filament winding process. Thus, the initial scramjet 
combustor design consists of a ±60 ° NP = 2 laminate with 2 layers in a [+60/-60+60/-60] 
arrangement. The corresponding cylindrically scaled winding is shown in Figure 96.  
 
 
 
 
 
 
 
 
 
 
Figure 96. Scaled cylindrical winding pattern 
For an internal pressure loading case,  
 
𝑁𝑦 =
𝑃𝑅
2
 
Given the effective force per unit length scales with increasing radius, the maximum force per 
unit length occurs at the combustor exit. By applying the developed CLT module with the 
reduced elastic properties per the combined mosaic/undulation model, the maximum ply stress 
is calculated and summarised in Table 50, assuming a tow thickness of 0.12 mm and a fibre 
volume fraction of 50%.  
 
 
122 
 
Table 50 
Maximum ply stresses in global x-y and local 1-2 coordinate systems  
σx (Pa) σy (Pa) τxy (Pa) σ1 (Pa) σ2 (Pa) τ12 (Pa) 
114262 1942250 581522 1988870 67646 500780 
 
Applying the Tsai-Wu and MSC failure criterion, the minimum design safety factors are 
summarised in Table 51 based on mechanical properties of a 50% Vf C/C composite with failure 
strengths per Michalowski et al. (2011) and CES EduPack [69][70].  
Table 51 
Minimum design safety factors  
 MSC Tsai-Wu 
σ1 99.6 39.6 
 
Evidently the safety factor is significantly larger than would be expected for a high performance 
aerospace component. Given the low internal pressure loading of the scramjet combustor, this 
is not an unexpected result. With the inclusion of elastic property reduction due to elevated 
temperature and thermal expansion/processing induced strains, it is expected that the safety 
factors would reduce to a more appropriate level. However, the margins of safety remain 
sufficiently large to have confidence in the design as an initial assessment. In comparison to the 
current combustor design which consists of combined hoop and helical wound lamina with 
thickness in excess of 10 mm, the conservative assessment presented above reduces the wall 
thickness, weight and cost by at least a factor of 10. Without the design and manufacturing tools 
developed herein this reduction and preliminary assessment would not be possible.   
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6 CONCLUSIONS  
The aim of this research was to develop and validate manufacturing and design tools for 
filament wound composites to be utilised in ultra-high temperature applications, such as 
scramjet combustors. Several independent modules were successfully developed in order to 
streamline manufacturing and characterise the intrinsic geometric properties of CFRP filament 
wound cylinders, with the potential to expand the tools for manufacturing and analysis of CMCs 
and UHTCs in light of the nature of the fibre-matrix interface. Methods for developing filament 
winding patterns, fibre trajectories and the corresponding machine code for any arbitrary 
cylindrical geometry were generated using Python 2.7, NumPy and matplotlib. This enabled 
the identification of filament winding defects in dwell regions via a graphical interface and 
provided estimates on net cost and required manufacturing time. A CLT module was coded to 
allow for analysis of any arbitrary laminate structure and validated via FEA. It was 
demonstrated that the CLT module strongly correlated with FEA for symmetric laminates, 
whereas twisting-extensional coupling induced curvature strains were significantly over-
estimated for antisymmetric laminate cylindrical specimens. A modification to the curvature 
strain calculation was implemented and significantly improved the correlation between CLT 
and FEA results. Using the developed CLT module as a basis, analytical models for quantifying 
the influence of in-plane fibre waviness and out-of-plane fibre undulation were developed, and 
corresponding parametric studies were conducted to ascertain the influence of waviness and 
undulation amplitude ratio on elastic properties. It was shown that increasing undulation 
amplitude-wavelength ratio resulted in a reduction in longitudinal stiffness, with in-plane fibre 
waviness yielding a more deleterious effect on overall stiffness than out-of-plane movement of 
the same magnitude. Parametric studies were similarly conducted for a C/C-SiC composite with 
comparable fibre and matrix stiffness. Whilst the model posited that waviness effects were less 
severe in UHTCs, the assumption of a perfect fibre-matrix interface was likely invalid and thus 
further validation is required for these results.   
 
The highly porous flat-wound coupon specimens manufactured for lamina elastic property 
characterisation demonstrated that positive curvature induced fibre pressure is critical to resin 
infiltration and consolidation in filament wound specimens, and that manufacturing of 
representative lamina via filament winding requires a more complex apparatus than was 
implemented. In order to validate the developed analytical models and design tools, nine Toray 
T700s + Aralidte GY191/Aradur 2961 filament wound cylinders were manufactured, with the 
filament winding and visualisation modules utilised in the development of the winding patterns 
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showing excellent correlation between the virtual and physical samples. Uniaxial compression 
of the cylinders and full-field deformation measurements using the ARAMIS DIC system 
demonstrated that increasing filament winding pattern order resulted in a greater number of 
winding defects and a corresponding lower failure load i.e. consistent fibre payout and accurate 
tow placement are critical to load bearing capacity. Sample microscopy indicated that 
increasing filament winding pattern order yielded a lower fibre volume fraction, increased 
porosity in undulation regions and greater variability in fibre placement and wall thickness.  
 
Comparison of experimental longitudinal stiffness (Ex) and those predicted via CLT, Bogetti 
undulation and the combined mosaic-undulation module demonstrated how the combined 
model reduced the error in stiffness prediction from 47.0% to 26.0%, whereas the assumed 
orthogonality in the Bogetti model severely overestimated global Ex values. Via comparison 
with experimental results in literature it was shown that the remaining difference between the 
combined mosaic-undulation model and experimental results arose due to inaccurate prediction 
of lamina elastic properties via simplified micromechanics equations, the variation in wall 
thickness throughout the mosaic region,  insufficient strain resolution of ARAMIS arising from 
too larger measuring volume and low x-direction strains. Due to a lack of identifiable in-plane 
fibre waviness and resin gradient across the mosaic region, no validation of the in-plane 
waviness, combined undulation-waviness model or graded resin fraction model could be 
undertaken. FEA was implemented in lieu of experimental results in an attempt to validate the 
in-plane fibre waviness and combined waviness-undulation model, however was not completed 
in the thesis timeframe as it extended significantly beyond the defined project scope. A 
graphical user interface was successfully developed that enabled the assessment and 
manufacturing of axisymmetric filament wound structures in a single cohesive product.  
 
With respect to the design and manufacturing of ultra-high temperature composite assemblies, 
the developed manufacturing models were shown to be directly applicable to UHTCs whilst 
models pertaining to assessment of intrinsic filament winding defects relied on assumptions 
that may be inaccurate in UHTC applications. The sensitivity of the developed modules to 
elastic property inputs suggested they would be similarly sensitive to factors that differ in CFRP 
and UHTCs i.e. interfacial properties, microstructure and morphology. In order to assess this 
sensitivity, fully validate models and successfully manufacture a scramjet combustor, further 
research is required.  
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6.1 RECOMMENDATIONS FOR FUTURE WORK  
The work presented herein has identified several areas for future work. Primarily, the test 
methodologies and manufactured samples in the current investigation were not conducive to 
accurate identification of the influence of intrinsic filament winding defects. Due to limitations 
on the winding apparatus and available mandrel, 200 mm samples were manufactured with a 
minimum winding angle of 72.66°.  As such, samples tested in uniaxial compression with a 
high winding angle yielded very low strains in the fibre longitudinal direction, which were 
insufficient to be accurately resolved utilising the selected ARAMIS measuring volume. 
Several modifications to the experimental apparatus are recommended to rectify this, including:  
 fabrication of 400 mm mandrels and in order to allow for winding angles less than 45°, 
which in compression will yield much larger strains (which may be resolved with 
ARAMIS);  
 fabrication of a hydrostatic pressure test apparatus to more accurately assess loads in 
scramjet combustors and reduce susceptibility to premature failure modes (fibre 
buckling or lateral subduction); 
 reduction of the ARAMIS sampling volume in order to improve strain resolution and 
reduce noise; and 
 implementation of the developed ideal filament winding code to reduce to the frequency 
of filament winding defects and eliminate the influence of increased variability with 
increasing filament winding pattern order.  
Additional areas for further investigation include manufacturing of thicker filament wound 
specimens in order to assess the influence of overlying fibre pressure on undulation amplitude, 
and to characterise the threshold thickness and mechanisms that contribute to in-plane fibre 
waviness. The combined mosaic-undulation-waviness models may then be validated and 
modified to accurately characterise the behaviour of laminates with defects in all three planes 
(sufficiently thin for CLT to still be applicable). Validation of the models using FEA and 
developing methods for numerically modelling the alternating nature of the filament winding 
mosaic is similarly recommended.  Of greater interest moving forward is the manufacture and 
analysis of UHTC filament wound structures, particularly in identifying the influence of the 
fibre-matrix interface and the mechanisms influencing carbon yield (and siliconisation in SiC 
composites). Thermal expansion induced strains in the pyrolysis processes and flight 
conditions, in combination with an assessment of reduced stiffness at elevated temperatures are 
additional considerations to be investigated prior to the full-scale testing of a UHTC scramjet 
combustor.  
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Modifications to the existing winding apparatus including the development of a fibre tensioning 
system, improved software interface, capacity for polar winding and modified payout element 
are an additional but critical step in demonstrating the applicability of filament winding as an 
alternative method for manufacture of UHTC assemblies.  
 
6.2 POTENTIAL PUBLISHABLE CONTENT 
Of the content covered in the present investigation, several areas demonstrate potential to be 
published or may be published in the future with further validation. These include but are not 
limited to:   
 the discretised combined in-plane waviness and out-of-plane undulation model 
(assuming experimental or FEA validation);  
 the streamlined interface enabling design, stress analysis, failure analysis and 
manufacture of a filament wound structure;  
 the general area and multi-axial elastic solutions from the combined mosaic-undulation 
model; and  
 the graded resin volume fraction model (assuming experimental or FEA validation).  
Implementation of the developed tools in the design, manufacture and testing of a C/C scramjet 
combustor would also yield significant publishable content, however further work is required 
to achieve this.  
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APPENDICES 
 
APPENDIX A – PREFORM MANUFACTURING PROCESSES 
 
Fibre preforms may be manufactured via autoclave processing, resin transfer moulding (RTM), 
in addition to filament winding. Autoclave processing involves layup of resin impregnated 
carbon fibres over/in a mould that is subsequently processed in an elevated temperature and 
hydrostatic-like pressure environment (at up to 20 atm). Figure A1 shows an autoclave 
schematic [8].  
 
 
 
 
 
 
 
 
 
 
 
Figure A1. Autoclave schematic [Globalspec, 2016] 
 
Resin transfer moulding (RTM) is a manufacturing process that resin impregnates a dry fibre 
preform in a curing tool, where the curing tool constitutes the mould wall of the component, 
as in Figure A2. Fibre preforms are limited to approximately 50-60% volume fibre fraction to 
ensure proper resin infiltration throughout the part. Curing is achieved by heating the mould 
after infiltration under vacuum [8].  
 
 
 
 
 
 
 
 
 
 
 
Figure A2. Resin transfer moulding (RTM) diagram [REF] 
 
Hot pressing is the process of compressing a fibre preform between heated platens to form a 
net shape. The heated platens elevate the fibre preform to allow for curing whilst hydraulic 
pressure causes the fibre to be moulded into the shape of the platens. That is, a flat plate would 
consist of two flat platens. Application of a vacuum assists in eliminating voids during the 
curing process [8].  
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APPENDIX B – RESULTS OF ARAMIS OPTICAL STRAIN MEASUREMENT  
 
Optical strain measurement data and processed images are available at the following link:  
 
https://www.dropbox.com/sh/7jijlxw5zgljlqj/AAAiDrCAIBbDEOzQ5PuWbjuKa?dl=0  
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APPENDIX C – MICROSCOPY ANALYSIS  
 
Additional processed images from the microscopy analysis are shown below. Several 
representative sections were processed for each of the filament winding patterns and averaged 
to yield the resulting constituency fractions and identify possible manufacturing defects. 
 
Figure C1. HC-2X fibre volume assessment #2 
Microscopy of HC-2X samples showed excellent inter-sample correlation and such only two 
assessments were required. Due to the comparatively poor sample preparation of HC-4X 
samples, several micrographs were processed for both volume fibre fraction and void content.  
Figure C2. HC-4X fibre volume assessment #1 
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Figure C3. HC-4X fibre volume assessment #2 
 
Figure C4. HC-4X void fraction assessment #1 (corresponding to Figure C-3) 
 
 
 
Figure C5. HC-4X fibre volume assessment #3 
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Figure C6. HC-4X void fraction assessment #2 (corresponding with Figure C5) 
 
Poor sample preparation in HC-4X samples resulted in the highly dispersed nature of the void 
measurements. Erroneous void areas, such as the speckled pattern in Figure C6, yielded some 
error in void measurement. This error was minimised by modifying the noise filter and reducing 
the analysis area of the primary voids by modifying the pixel tagging sensitivity. HC-6X 
samples showed somewhat similar disparity in fibre and void fraction measurements.  
 
 
 
 
 
 
 
 
 
 
Figure C7. HC-6X fibre fraction assessment #1 
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Figure C8. HC-6X void fraction assessment # 1(corresponding with Figure C7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C9. HC-6X fibre fraction assessment #2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C10. HC-6X void fraction assessment #2 (corresponding with Figure C9) 
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Figure C11. HC-6X fibre fraction assessment #3  
 
 
 
 
Figure C12. HC-6X void fraction assessment #3 (corresponding with Figure C11) 
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APPENDIX D – SOFTWARE AND MODULE USER GUIDES 
 
Contents 
 CLT Stress Analysis (pp. 139) 
 Filament Winding Pattern Generation (pp. 141) 
 Machine Code and Fibre Trajectory (pp. 142) 
 Plotting Tool (pp. 142) 
 In-Plane Fibre Waviness (pp.143) 
 Out-of-Plane Undulation (pp. 144) 
 Mosaic and Undulation Model (pp.145) 
 Graphical User Interface (pp. 146) 
 Multi-layer Plotting Tool (pp.147) 
 Individual Lamina Properties (pp.148) 
 Layup Properties (pp.148) 
 
All source code is available by contacting Dr. Michael Heitzmann or via: 
https://www.dropbox.com/sh/zv0e8aajx2vr26a/AADE72_PbnuQtFlthFhFYNcra?dl=0  
 
CLT Stress Analysis 
File: Load_Strain_5Oct.py  
Initial Inputs: E1, E2, G12, 12, n (number of plies)  
 
CLT stress analysis is initialised via the graphical user interface (GUI) or by directly running 
the function in the Python shell. An example of command line initialisation is shown below 
for E1 = 122.34 GPa, E2 = 7.78 GPa, G12 = 5.0 GPa, 12 = 0.27 and n = 4 (4 ply laminate).  
 
>>> g = stress_calc(1.2334e11,7.78e9,5.0e9,0.27,4) 
 
Post initialisation, the code requires user inputs for the thickness and winding 
angle/orientation of each constitutive lamina. The laminate stacking sequence is defined per 
standard conventions, such that a [45/-45/-45/45] laminate is input as,  
 
What is the ply angle of Layer 1 (degrees)? 45 
What is the ply thickness of Layer 1 (m)? 0.0002 
What is the ply angle of Layer 2 (degrees)? -45 
What is the ply thickness of Layer 2 (m)? 0.0002 
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What is the ply angle of Layer 3 (degrees)? -45 
What is the ply thickness of Layer 3 (m)? 0.0002 
What is the ply angle of Layer 4 (degrees)? 45 
What is the ply thickness of Layer 4 (m)? 0.0002 
 
The code then requires initialisation of the input loads (Nx, Ny, Nxy, Mx, My and Mxy),  
 
Nx - force per unit length (N/m) = 10 
Ny - force per unit length (N/m) = 0 
Nxy - force per unit length (N/m) = 0 
Mx - moment per unit length (N) = 0 
My - moment per unit length (N) = 0 
Mxy - moment per unit length (N) = 5 
 
Global x-y stresses, principal stresses, transformation matrices and reduced stiffness matrices 
are accessible by splicing the output data structure, as shown below.  
 
g[0] = stress_list  
 
[(array([[ -3.71439280e+08], 
       [ -3.71451984e+08], 
       [  2.41198466e+08]]), array([[ -1.85713392e+08], 
       [ -1.85725984e+08], 
       [  1.20597200e+08]])), (array([[ -1.85713392e+08], 
       [ -1.85725984e+08], 
       [ -1.20597200e+08]]), array([[  1.25102119e+04], 
       [  1.02119140e+01], 
       [  4.06507258e+03]])), (array([[  1.25102119e+04], 
       [  1.02119140e+01], 
       [  4.06507258e+03]]), array([[  1.85738416e+08], 
       [  1.85726000e+08], 
       [  1.20605331e+08]])), (array([[  1.85738416e+08], 
       [  1.85726000e+08], 
       [ -1.20605331e+08]]), array([[  3.71464320e+08], 
       [  3.71451984e+08], 
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       [ -2.41206596e+08]]))] 
 Stresses are output from the base of the lamina to the top as a tuple consisting of ([bottom of 
ply], [top of ply]). In a similar fashion,  
 
g[1] = QPlyList 
g[2] = prin_list  
g[3] = TList  
 
Additional results may be output from the individual modules that comprise the CLT analysis. 
These include: ‘LaminaProperties_1_SI.py’ and ‘LayupGeometry_3_SI.py’. 
 
Filament Winding Pattern Generation  
File: fibre_patternmath_3_bandwidth.py 
Initial Inputs: L, bw, r, NP_in, alpha  
 
The fibre pattern generation code utilises an iterative solver to determine all available and valid 
combinations of filament winding parameters to generate the desired pattern. The method is 
initialised via the GUI or directly from the Python shell. A sample initialisation is shown for a 
102 mm ID x 200 mm long cylinder with a fibre bandwidth of 4 mm, NP = 4 and winding angle 
of 45.0.  
 
>>> g = fibre_pattern(200,4,51,4,45.0) 
 
The resulting data output includes a list of valid winding patterns, and a corresponding list of 
invalid winding patterns (primarily for debugging purposes). Individual winding patterns are 
accessed from the Python shell via splicing (the process is automated in the GUI). G[0] selects 
the valid list, whilst g[0][0] accesses the first valid winding trajectory. The output variables and 
a sample result are shown below.  
 
g[a][b] = (alpha, L, r, Nc, dwell, bw_req, NP, m) 
 
g[0][0] =  (45.0, 200, 51, 56.0, 1.1159999999999999, 4.0461969615370839, 4, 
1.0000391110062394) 
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The valid winding patterns may then be used to develop the winding trajectory and the 
corresponding machine code coordinates.  
Machine Code and Fibre Trajectory  
File: windingmath_3_4D.py  
Inputs: alpha, L, R, Nc, dwell  
 
The machine code and fibre trajectory module calculates a list of coordinates for the fibre 
trajectory utilising 32 points per stroke in order to match the existing motor controller and 
machine code compiler. A 4D array is developed listing [X, Y, Z, V] where X, Y and Z are 
the coordinates in the global system and V is the velocity term passed to the stepper motor (as 
a fraction of the maximum step rate). A sample initialisation is shown for the previously 
developed pattern.  
 
>>> g = winding_coord(45.0,200.0,51.0,56.0,1.11559) 
 
For practical purposes, the winding coordinates are automatically generated in the plotting 
module (detailed below) to remove the need to import results. The machine code and 
trajectory tool includes the option to directly export results via the windingmachine_coord 
function.  
>>> g = windingmachine_coord(45.0,200,51.0,56.0,1.115) 
>>> g[0][0] 
array([ 0.,  0.,  0.,  0.]) 
 
 
Plotting Tool  
File: FibreTrace_4_rev_interactive.py  
Inputs: alpha, L, R, Nc, dwell, bw  
 
The plotting tool automatically generates the list of coordinates and then plots each circuit and 
dwell in an interactive 3D environment. The tool is initialised via the GUI or directly from the 
Python shell, as shown below.  
 
>>> g = fibre_trace_2(45.0,200,51.0,56.0,1.115,4.0) 
UserWarning: No labelled objects found. Use label='...' kwarg on individual plots. 
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The UserWarning is a result of no labelling of the data points, and does not influence the 
accuracy of the solution or the plotting tool. The corresponding plotting window is shown 
below.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The 3D graphical representation can be manipulated and reoriented, and saved as a .png or 
.jpeg via the save icon.  
 
In-Plane Fibre Waviness 
File: FibreWaviness_1.py 
Inputs: E1, E2, 12, 23, G12, ALRatio  
 
Based on the magnitude of the amplitude/wavelength ratio, the model determines the 
equivalent elastic properties of a wavy unidirectional lamina. The model is initialised via the 
graphical user interface or directly in the Python 2.7 shell, as shown below.  
 
>>> g = und_effects_Daniel(1.2334e11,7.78e9,0.27,0.42,5.0e9,0.125) 
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The module returns the equivalent elastic properties of the wavy ply in list format.  
 
g[0] = [Ex, Ey, Ez]  
g[1] = [Gxy, Gxz, Gyz] 
g[2] = [Vxy, Vxz, Vyx, Vyz, Vzx, Vzy] 
 
>>> g[0] 
[23433365644.891476, 7780000000.0, 8955420326.806122] 
>>> g[1] 
[4250873215.261299, 6075041631.804847, 3032207100.792563] 
>>> g[2] 
[0.310505, 0.258636, 0.103089, 0.333941, 0.098841, 0.38439423370750586] 
 
Out-Of-Plane Undulation 
File: BogettiUndulation_10_10.py  
Inputs: hf, ALRatio, E1, E2, G12, G23, 12, 23, n (no. plies) 
 
Based on the works of Bogetti, the modified out-of-plane undulation model calculates the ABD 
matrices per CLT at a series of discretised increments along the wavelength and integrates in 
order to determine the effective elastic properties. Ply stresses and strains are calculated at each 
discrete element in the waveform based on CLT and exported as two separate lists. The output 
stresses are from the lowest ply to the upper most ply for each successive discretised point. 
 
Due to the waveform discretisation, the out-of-plane undulation method is explicitly for 
filament wound structures, and requires balanced plies to be input i.e. . The Bogetti module 
is not automatically implemented in the GUI, and as such needs to be initialised from the Python 
shell by directly running the function, as demonstrated below.  
 
>>> g = bogetti_undulation(0.00012,0.125,1.2234e11,7.78e9,5.0e9,3.0e9,0.27,0.42,2) 
 
Post-initialisation, the interface operates in an identical manner to the CLT analysis code 
requiring user input of the laminate structure and the loads. Please note, the Bogetti undulation 
model has not been validated against FEA results and as such output values should be used in 
light of this uncertainty.  
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Mosaic and Undulation Model  
File: ZindelBakis_DEBUG_INVERSE2MAT_FINAL.py 
Inputs: E1, E2, 12, 23, G12, G23, alpha, hf, ALRatio, r, NP 
 
Based on the works of Zindel and Bakis, the combined mosaic and out-of-plane undulation 
model calculates the effective elastic properties of a filament wound mosaic repeating unit by 
discretising the waveform and mosaic area into smaller sub-elements that are reassembled after 
the necessary in-plane and out-of-plane rotations. The user defines the elastic properties and 
laminate arrangement of a balanced antisymmetric ply, and the code provides effective elastic 
properties to be used in the CLT analysis module. At present the mosaic model only has the 
capacity to analyse a single  antisymmetric layer, but is to be expanded at a future date to 
analyse the influence of undulation in multi-layered cylinders constructed of the same 
constitutive lamina. The Zindel and Bakis model is initialised directly from the Python shell as 
follows for a 102mm ID cylinder with a wind angle and filament winding pattern of 45 and 4 
respectively.  
 
>>> g = 
ZindBak_undulation(1.2334e11,7.78e9,0.27,0.42,5.0e9,3.08e9,45.0,0.00012,0.125,51,4) 
 
The resulting outputs include the elastic properties of the non-undulated laminate regions, the 
effective elastic properties of each of the undulation subcells, the areas of the respective subcells 
and the effective elastic properties of the entire mosaic unit (these values are also printed to the 
Python shell).  
 
AreaP1_M2 93.5943119454 
AreaCD 13.5952217908 
AreaA 13.1344217908 
AreaP2 67.3254683638 
ElasList [14186550795.253555, 14168908240.009064, 0.4048947400509002, 
11712094827.540565] 
 
The results in ElasList are in Pa or dimensionless. It is essential to ensure that the winding angle 
initialised in identical to that implemented in the laminate definition stage i.e. all input angles 
must be of the same magnitude.  
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Graphical User Interface (GUI) 
File: WindX_10Nov.py  
Inputs: N.A 
 
The graphical user interface provides access to several of the developed manufacturing and 
structural analysis tools. The graphical user interface is broken into several separate 
initialisation stages:  
 Elastic properties initialisation 
 Layup initialisation that defines the laminate arrangement from lowest ply to uppermost 
ply. The layup is initialised as follows ‘45/-45/60/-60’ with each of the wind angles 
separated by a forward slash.  
 Winding geometry initialisation that defines the internal radius, length, tow bandwidth 
and pattern number for each of the filament wound layers. If the winding geometry tool 
is to be used, the ply layup must be a balanced antisymmetric arrangement such [45/-
45/60/-60] or [-30/30,72.66/-72.66]. A laminate of [45,30,30,45] will not generate the 
required winding pattern.  
 The winding patterns are initialised based on the number of winding pairs i.e. for a [45/-
45/45/-45] laminate with Np = 2 for both layers, the winding pattern initialisation would 
be 2/2 (one value for each set of +θ/-θ) 
 Load initialisation defines the input loads for CLT stress analysis.  
 Output selection defines the desired outputs to the data output frame, including output 
stresses, elastic properties or the generation of the multi-layered winding plot. Any 
configuration of outputs may be utilised.  
 The ‘CLT Export’ and ‘Machine Code Export’ buttons write the full CLT stress analysis 
results and machine code to separate external files to be used for further analysis.   
 
Entered values must include decimals (excluding ply layup). In several cases, the generation of 
the winding plot will cause the interface to partially freeze. It is best to validate a winding plot 
or export the winding CLT results prior to selecting the winding plot option.  
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Multi-Layer Winding Tool  
File: multilayer_fibretrace_1.py 
Inputs: L, bw, r, n  
 
The tool utilises user defined inputs of the winding angle, thickness and desired winding pattern 
number for an n number of plies in order to calculate the winding patterns (where each winding 
pattern is a balanced  angle ply). The multilayer tool automatically corrects the winding 
radius based on the previously wound fibres. The tool is automatically initialised from the GUI, 
or can be used from the Python shell via a,  
 
>>> g = multi_fibre_trace(200,4.0,51,2) 
 
A sample multi-layer filament winding is shown below. The opacity of each layer is 
automatically assigned such that the thickness properties can be visualised.  
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Individual Lamina Properties 
File: LaminaProperties_1_SI.py 
Inputs: E1, E2, G12, 12,  
 
Description: Calculates the compliance values (Sxx), engineering constants (Qxx) and 
generalised engineering constants based on the input rotation (). Returns a list of engineering 
constants (QList) and the engineering constant matrix (QMat) for the specified lamina 
properties.  
 
Outputs: QList, QMat  
 
Layup Properties 
File: LayupGeometry_3_SI_EDIT.py 
Inputs: E1, E2, G12, 12, n (number of plies)  
 
Description: Calculates the Aij, Bij and Dij matrices based on a user defined laminate 
arrangement (winding angle and thickness of each lamina). The full ABD matrix is assembled, 
and the individual lists for Aij, Bij and Dij in each lamina are returned. The laminate is assessed 
from the lowest ply to the outermost ply. Elastic properties are to be input in SI units (Pa). If an 
incorrect value is input, the code will return an error.  
 
Outputs: Atot_list, Btot_list, Dtot_list,fullMat, ply_dist, QPlyList, ply_angle  
 
 
 
 
 
 
 
 
 
 
 
 
